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FOREWORD 


United  Technologies  Research  Center  has  conducted  an  investigation  of  the  funda¬ 
mental  processes  affecting  the  operation,  performance  and  application  of  electrically  ex¬ 
cited  lasers  having  potential  utility  in  a  variety  of  areas  of  importance  to  the  Navy.  Par¬ 
ticular  attention  in  this  investigation  was  focused  on  the  broadband  XeF(C-*A)  laser, 
which  has  the  potential  for  efficient,  tunable  operation  throughout  the  blue-green  spectral 
region.  The  research  at  UTRC  has  been  closely  coordinated  with  a  complementary  ONR- 
supported  experimental  program  being  conducted  at  Rice  University. 

This  Final  Report  covers  the  period  1  January  85  through  31  December  88,  and 
contains  reprints  of  published  papers  in  which  specific  results  and  conclusions  of  the 
research  are  described  in  detail. 


I.  HISTORICAL  OVERVIEW 


Rice  University  -  United  Technologies  Research  Center 
XeF(C-A)  Laser  Research  —  Brief  Summary 

The  XeF  excimer  laser  operating  on  the  C-A  transition  in  the  blue-green 
spectral  region  is  a  cousin  of  the  well  known  UV  rare  gas  halide  lasers 
such  as  KrF(248  nm),  XeCl(308  nm)  and  XeF(351  nm).  In  addition  to  the  fact 
that  the  wavelength  of  the  XeF(C-A)  laser  is  in  the  visible  region,  this 
laser  is  continuously  tunable  throughout  the  blue-green  region,  a  unique 
feature  having  importance  for  many  applications. 

Although  laser  oscillation  on  the  C-A  transition  was  demonstrated  in  the 
late  1970s  shortly  after  the  UV  rare  gas  halide  lasers  were  discovered, 
the  operating  efficiency  of  the  XeF(C-A)  laser  was  much  too  low  for  pract¬ 
ical  applications.  This  problem  was  the  result  of  very  low  gain  due  to  the 
combination  of  a  stimulated  emmision  cross  section  more  than  an  order-of- 
magnitude  smaller  than  that  of  the  UV  rare  gas  halide  lasers,  and  a  high 
level  of  transient  absorption.  Many  thought  that  these  characteristics 
represented  fundamental  limitations  to  successful  exploitation  of  the 
special  properties  of  the  XeF(C-A)  laser. 

In  the  early  1980s  Rice  University  and  United  Technologies  Research  Center 
joined  forces  in  an  effort  to  improve  the  performance  of  the  'C-A'  laser. 
With  support  from  the  Office  of  Naval  Research,  this  university-industry 
team  identified  the  primary  transient  species  in  the  laser  gas  mixture  that 
were  absorbing  radiation  at  the  laser  wavelength.  Based  on  the  insight 
gained  from  this  work,  the  team  devised  and  patented  special  gas  mixtures 
containing  up  to  five  constituents.  Use  of  these  mixtures  significantly 
reduced  the  transient  absortion  resulting  in  a  large  increase  in  the  net 
gain  on  the  XeF(C-A)  laser  transition. 

The  laser  performance  improvement  resulting  from  the  higher  gain  was  found 
to  be  dramatic.  With  excitation  provided  by  a  high  current  density  electron 
beam  having  a  temporal  duration  of  10  ns,  XeF(C-A)  laser  energy  density 
and  intrinsic  efficiency  in  excess  of  1  Joule/liter  and  1  %  were  dem¬ 
onstrated  ,  values  that  for  the  first  time  were  comparable  to  those  typ¬ 
ical  of  UV  rare  gas  halide  lasers  (1).  Subsequently,  efficient  inject¬ 
ion  controlled  tuning  was  demonstrated,  resulting  in  laser  wavelengths 
with  a  spectral  width  less  than  1  nm  tuned  over  a  30  nm  range  centered 
at  485  nm  (2). 

Recently  the  Rice  -  United  Technologies  team  set  out  to  show  that 
the  impressive  XeF(C-A)  laser  performance  that  had  been  obtained  in  a 
relatively  small  experiment  could  be  scaled  to  a  practically  significant 
size.  With  the  help  of  Maxwell  Laboratories,  a  scaled  electron  beam  sys¬ 
tem  was  designed  and  constructed  permitting  an  optical  path  length  of  50  cm 
and  an  active  volume  of  one  half  liter.  With  the  scaled  laser  configured 
as  an  injection  controlled  regenerative  amplifier,  laser  pulse  energy  and 
power  of  0.6  Joules  and  60  MW  were  obtained.  The  laser  wavelength  was 
486.8  nm  with  a  spectral  width  of  0.01  nm.  The  pulse  energy  demonstrated 
in  the  first  tests  of  the  scaled  XeF(C-A)  laser  corresponds  to  an  energy 
density  and  efficiency  values  in  excess  of  1  Joule/liter  and  1  %,  respect- 
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ively,  thereby  confirming  the  promise  of  early  small  scale  experiments. 

In  addition,  repetitive  pulse  operation  at  a  PRF  value  of  1  Hz  was 
demonstrated. 

Additional  experiments  are  now  underway  in  order  to  fully  characterize 
the  behavior  of  the  scaled  laser  system.  However,  the  initial  Rice  -  United 
Technologies  tests  show  that  the  XeF(C-A)  laser  has  impressive  potential 
for  development  as  an  efficient,  tunable  blue-green  laser  source  for  app¬ 
lications  requiring  high  energy  and  power. 


1.  '  Synthesis  of  rare  gas  halide  mixtures  resulting  in  efficient 
XeF(C-A)  laser  oscillation',  W.L.Nighan,  F.K.Tittel,  W. L. Wilson, Jr . , 
N.Y.Zhu,  and  R.Sauerbrey,  Applied  Physics  Letters,  vol.  45,  pp.  947-949, 
1984. 

2.  'Performance  characteristics  of  an  injection  controlled  electron 

beam  pumped  XeF(C-A)  laser  system',  N.Hamada,  R.Sauerbray,  W.L. Wilson, Jr. , 
F.K.Tittel  and  W.L.Nighan,  IEEE  Journal  of  Quantum  Electronics,  vol.  24, 
pp.  1571-1578,  1988. 
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Kinetic  Processes  in  Electron-Beara-Excited  XeF(C->-A)  Laser  Media 

by 

William  L.  Nighan  and  Michael  C.  Fowler 

ABSTRACT 

Fundamental  processes  affecting  the  operation  and  performance  of 
electron-beam  excited  XeF(C-t-A)  laser  media  have  been  analyzed  and  modeled. 

Emphasis  has  been  placed  on  conditions  typical  of  high  current  density  (~250A 
cm-2),  short  pulse  (~10  ns  FWHM)  e-beam  excitation  of  high  pressure  (~6  atm) 
multi-component  mixtures  comprised  of  Ar-Kr-Xe-NF3~F2 .  Computation  of  the 
temporal  evolution  of  excited  and  ionized  species  for  such  circumstances  has 
permitted  identification  of  the  factors  controlling  XeF(C)  formation  and 
loss,  and  has  resulted  in  the  identification  of  the  primary  transient  species 
that  absorb  radiation  in  the  blue-green  spectral  region.  The  data  so  obtained 
serve  to  explain  measured  XeF(C+A)  properties,  particularly  net  gain,  under 
conditions  for  which  the  C+A  laser  energy  density  and  efficiency  values  are 
comparable  to  those  of  the  UV  XeF(B+X)  laser. 


* 


This  work  was  supported  by 


the  Office  of  Naval  Research. 
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I .  INTRODUCTION 


Over  the  past  few  years  the  performance  of  the  electron-beam  excited 
XeF(C->-A)  laser  has  improved  significantly.  The  broadband  C-t-A  transition  of 
XeF  is  centered  at  480  nm  in  the  blue-green  region  and,  in  marked  contrast 
with  the  UV  B+X  transition,  has  a  spectral  width  of  nearly  100  nm.  Thus,  the 
XeF(C*A)  laser  has  great  potential  as  an  optical  source  tunable  over  a  broad 
bandwidth.  Recently,  extracted  energy  density  and  intrinsic  efficiency  values 
of  1-2  J/liter  and  1-2%,  respectively,  have  been  demonstrated  [1],[2], 
representing  a  level  of  performance  approaching  that  typical  of  UV  XeF(B*X) 
lasers  [3],  [4].  The  improved  XeF(OA)  laser  performance  results  from  the  use 
of  a  high  pressure  (~6  atm)  multi-component  gas  mixture  comprised  of  Ar-Kr- 
Xe-NF3~F2,  [2],  excited  by  a  high  current  density  (~250  Acm-2)  electron-beam 
of  short  temporal  duration  (~10  ns  FWHM).  For  these  conditions  the  (C+A)  gain 
has  a  maximum  value  of  approximately  3%  cm-1  and  a  duration  of  about  33  ns 
(FWHM)  [ 1  ]  ,  [ 2 ]  ,  properties  permitting  efficient  energy  extraction  using  either 
a  free  running  oscillator  [1],  or  an  injection  controlled  amplifier  [ 2 J . 

The  multi-component  mixtures  resulting  in  the  best  XeF(C+A)  laser 
performance  represent  a  particularly  complex  kinetics  problem  for  a  number  of 
reasons.  (1)  Use  of  a  high  pressure,  two-component  buffer  comprised  of  heavy 
rare  gas  species  (Ar+Kr)  introduces  numerous  reactions  not  usually  important 
for  rare  gas  halide  B-*-X  lasers,  a  circumstance  exacerbated  by  weaknesses  in 
the  data  base  of  fundamental  reaction  rate  coefficients.  (2)  Because  the 
stimulated  emission  cross  section  for  the  XeF  C+A  transition  is  ~30  times 
smaller  than  that  of  the  B-*X  transition,  transient  absorption  is  of 
exceptional  importance.  Thus,  identification  and  quantitative  modelling  of 
absorbing  excited  and  ionized  species  is  an  even  more  compelling  requirement 
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than  is  the  case  for  the  B+X  rare  gas  halide  lasers.  Additionally, 
consideration  of  XeF  B  and  C  state  collisional  transfer,  and  quantitative 
calculation  of  both  state  population  densities  is  necessary. 

In  a  prior  work  [5]  a  comprehensive  spectroscopic  investigation  of 
XeF(C+A)  laser  mixtures  was  carried  out,  focusing  particularly  on  the  role  of 
Kr .  As  part  of  that  activity,  a  qualitative  analysis  of  the  effect  of  Kr  on 
transient  absorption  and  on  XeF  formation  and  loss  was  conducted.  This  paper 
reports  the  results  of  an  analysis  of  XeF(C+A)  laser  medium  properties  in 
which  the  kinetics  of  the  (Ar+Kr )-Xe-(NF3+F2)  mixture  are  modelled  in  detail. 
The  pertinent  features  of  the  kinetics  model  are  discussed  in  Section  II,  in 
which  particular  attention  is  focused  on  those  aspects  of  the  problem  found  to 
be  of  particular  importance:  1)  Ar*  Ar^  quasi-equilibrium  reactions,  2) 
halogen-rare  gas  excited  state  reactions  and  products,  3)  neutral  reactions 
affecting  the  populations  of  high  energy  rare  gas  excited  states,  and  4) 
transient  absorption  in  the  blue-green  spectral  region.  The  properties  of  an 
XeF(C+A)  gain  medium  excited  by  a  high  current  density  electron-beam  of  short 
duration  are  presented  in  Section  III,  where  a  comparison  is  made  with 
experimental  results.  Therein,  factors  controlling  net  gain  on  the  C+A 
transition  are  emphasized,  and  the  effects  of  Kr  and  the  processes  dominating 
XeF  formation  and  loss  are  discussed.  Additionally,  Section  III  presents  a 
brief  discussion  of  XeF(C-»-A)  gain  medium  properties  when  the  excitation  is 
provided  by  a  low  current  density  electron-beam  pulse  having  a  temporal 
duration  on  the  order  of  1  psec. 


II.  KINETICS 

Over  the  past  ten  years  kinetic  processes  controlling  the  rare  gas  halide 
population  in  laser  media  have  been  the  subject  of  considerable  attention. 
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Consequently,  re lat ive ly  complete  rate  coefficient  data  are  available  for 
most  processes  of  importance  to  the  present  investigation,  including: 

i.  XeF(B,C)  formation  processes  such  as  positive  ion-negative  ion 
recombination  [6], [7], [8]  and  halogen  reactive  quenching  of  rare 
gas  metastable  states  [9], [10]; 

ii.  mixing  and  quenching  of  low  vibrational  levels  of  the  XeF  B  and  C 
states  [ 1 1 ] , [ 12] ; 

iii.  two-body  [13], [14]  and  three-body  [13], [16]  [17]  rare  gas  molecular 
ion  charge  exchange  and  rearrangement  [18]; 

iv.  excited  state  processes  in  rare  gases  and  their  mixtures  [19], 

[20], [21]; 

v.  electron-halogen  dissociative  attachment  [22];  and  dissociative 
electron-ion  recombination  [23] , [ 24] , [ 23 ] . 

The  body  of  data  for  these  and  related  processes  continues  to  grow,  albeit 
slowly,  in  response  to  the  importance  of  rare  gas-halide  lasers  and  other 
similar  applications.  In  the  present  investigation,  data  from  such  sources 
[6]— [25]  have  been  used  in  a  self-consistent  model  of  XeF(B,C)  processes  for 
the  experimental  conditions  described  in  our  previous  work  [2],  [5]. 

Analytical  and  numerical  procedures  of  the  type  utilized  are  well  developed 
[ 26] , [ 27 ] , [ 28 ] ,  [29].  Thus,  the  discussion  to  follow  will  concentrate  only  on 
those  aspects  of  the  kinetics  and  modelling  having  special  significance  in  the 
present  context,  with  little  emphasis  on  general  methods  and  procedures, 
and/or  on  processes  that  are  well  understood  for  which  data  are  readily 
available  in  the  literature. 
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A.  Ionized  and  Excited  Stacies 

Presented  in  Fig.  1  are  the  energy-ordered  positive  ions  and  excited 


species  that,  on  the  basis  of  our  prior  investigations,  we  conclude  are 
important  to  the  problem  at  hand.  The  indicated  species,  along  with  elec¬ 
trons,  F~,  and  the  neutral  halogens,  comprise  the  present  model.  We  compute 
the  temporal  evolution  of  the  concentrations  of  the  indicated  species  in 
response  to  high  current  density  (~250  Acm“2)  e-beara  excitation  (~10  ns  FWHrt) 
of  a  gas  mixture  typically  comprised  of  Ar(6.1  atm)  -K.r(300  Torr)  -Xe(8  Torr) 
-NF3(8  Torr)  -F2(l  Torr).  These  mixture  conditions  have  been  found  to  be 
optimum  for  the  XeF(C+A)  laser  e-beara  excitation  scheme  utilized,  and  result 
in  an  energy  deposition  of  100-150  J/liter  in  the  optically  active  region 
[2). 

The  rare  gas  excited  states  are  represented  as  two  groups  of  coupled 
levels  (Fig.  1);  RG*  referring  to  the  lowest  energy  £  states  (e.g., 
Ar(4£,4£'),  and  RG**  referring  to  all  higher  energy  states,  but  primarily 
the  £  states  (e.g.,  Ar(4£)).  The  "boxes"  in  Fig.  1  indicate  the  approximate 
energy  spread  of  the  four  low  lying  £  states  and  several  of  the  lowest  energy 
£  states.  Specific  details  of  rare  gas  excited  state  reactions  are  discussed 
in  a  section  to  follow. 


B.  Positive  Ion  Kinetics 

1)  Ar*  ^Ar*  Quasi-equilibrium:  Electron-beam  excitation  of  laser  mix¬ 
tures  using  several  atmospheres  of  argon  as  the  buffer  result  in  the  produc¬ 
tion  of  Ar+  which  is  converted  to  Ar^  on  a  sub-nanosecond  time  scale,  the 
latter  usually  thought  to  be  the  only  argon  molecular  ion  of  consequence. 
However,  for  pressures  >1  atm  formation  of  the  weakly  bound  (D^  ~  0.2  eV) 
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trimer  ion  Ar^  [30]  becomes  appreciable,  and  its  effect  can  be  significant  as 

regards  photo  absorption  in  XeF(OA)  laser  media  [31].  In  this  work  we  have 
+  _ t  + 

used  the  Ar^  Ar^  forward  and  reverse  rate  coefficients  reported  by  Turner 

and  Conway  [32].  Those  data  indicate  that  for  a  pressure  of  only  one 

atmosphere  at  equilibrium,  approximately  20%  of  the  Ar*  ions  are  converted  to 
+ 

Ar^.  Here  we  are  interested  in  pressures  of  ~6  atm. 

Based  on  the  work  of  MacDonald,  Biondi  and  Johnsen  [33]  showing  that  the 

rate  coefficient  for  electron  recombination  with  Ne^  is  five  times  larger  than 

that  of  Ne^,  we  have  assumed  that  the  electron  recombination  coefficients  for 
+  .  +  , 

Ar^  [23]  and  Ar^  are  in  the  same  ratio.  As  regards  the  more  important  charge 

transfer  and  positive  ion-negative  ion  recombination  reactions,  there  are  no 
data  available  for  Ar^-  For  that  reason  we  have  assumed  that  the  rate 
coefficients  for  Ar^  are  the  same  as  those  for  Ar^. 

2)  Charge  Exchange:  The  two-body  charge  exchange  reactions  Ar*  +  Kr 

.  -f  + 

Kr+  +  2Ar,  and  Ar^  +  Xe  Xe  +  2Ar  are  very  important  for  the  XeF(C+A)  mix¬ 
tures  under  consideration.  The  rate  coefficients  for  these  reactions  are 
large  (~5  +  10  x  10~ 1 °s" Jcm3 ) ,  [13], [14].  In  addi  tion,  rate  coefficients  for 
the  termolecular  reactions  Ar*  +  K.r  +  M  +  products,  and  Ar*  +  Xe  +  M  -►  prod¬ 
ucts  have  been  found  to  be  10_30s_1cm6  [15].  Thus,  for  pressures  typical  of 
rare  gas  halide  lasers,  the  effective  two-body  rate  coefficients  for  the  indi¬ 
cated  three  body  reactions  are  comparable  to  those  of  the  corresponding  two- 
body  charge  exchange  reactions.  The  effect  of  such  termolecular  reactions  is 
not  usually  considered  in  rare  gas  halide  laser  modelling. 
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Unfortunately,  the  products  of  the  indicated  terraolecular  reactions  have 
not  been  identified.  In  the  present  work  we  have  assumed  that  the  products  of 
the  two  and  three-body  molecular  ion  reactions  are  the  same,  and  that  the 
corresponding  rate  coefficients  for  Kr  molecular  ions,  for  which  there  are 
little  or  no  data,  are  the  same  as  the  corresponding  Ar  molecular  ion 
reactions . 

The  dominant  processes  affecting  Ar^  Ar^  quasi-equilibrium  and  related 
Ar  molecular  ion  reactions  are  summarized  in  Table  I  along  with  the  corres¬ 
ponding  rate  coefficients  used  in  our  model. 

C.  Halogen  Kinetics 

1)  Dissociative  Attachment:  It  has  been  shown  that  use  of  an  optimized 
combination  of  NF3  and  F2  results  in  XeF(C->-A)  laser  performance  that  is  better 
than  that  obtained  using  either  F2  or  NF3  individually  [1 ] , [5] , [34] .  Since 
the  rate  coefficients  for  electron  dissociative  attachment  of  NF3  and  F2 
differ  significantly,  each  exhibiting  a  strong  dependence  on  electron  energy 
[22],  combination  of  these  two  chemically  compatible  fluorine  donors  permits 
optimization  of  the  attachment  process  (F~  production)  over  a  broad  range  of 
electron  energy,  and  also  provides  an  added  degree  of  control  over  the 
electron  density. 

Presented  in  Fig.  2  are  the  electron  rate  coefficients  for  dissociative 
attachment  of  NF^  and  F2;  F"  is  the  negative  ion  product  in  both  cases  [22]. 
Also,  shown  for  comparison  is  the  effective  rate  coefficient  for  mixtures  of 
NF3  and  F2  combined  in  the  ratios  8:1  and  4:1.  During  the  e-beam  excitation 
pulse  (10  ns  for  the  conditions  of  present  interest)  the  secondary  electron 
energy  is  a  few  eV,  relaxing  rapidly  toward  the  translational  temperature  of 
the  neutrals  upon  termination  of  the  e-beam  [35],  [36].  The  data  of  Fig.  2 
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TABLE  I 


Argon  Molecular  Ion  Processes 


#  o  (  (  W 

Reaction  Rate  Coefficient  Reference 


1. 

Ar^ 

+ 

2Ar  Ar^  +  Ar 

7.0C-32),  9 . 0 ( — 1 2 ) 

32 

2. 

Ar^ 

+ 

■b-k 

e  — »  Ar  +  Ar 

6. 5 ( — 8 ) 

23 

3. 

Ar  j 

+ 

.  kk  _ 

e  — *  Ar  +  2Ar 

3.25 ( — 7 ) 

see  text 

4. 

Ar^ 

+ 

F~  -*  ArF  +  Ar 

1 . 5  ( — 6 ) 

7,8 

5. 

Ar£ 

+ 

Kr  — »  Kr+  +  2Ar 

7. 5 ( — 1 0 ) 

13 

6. 

Ar^ 

+ 

Kr  +  Ar  Kr+  + 

3Ar 

1 . 7 (-30) 

15 

7. 

Ar2 

+ 

Xe  -♦ Xe+  +  2Ar 

7 . 5(-10) 

14,15 

8. 

Art 

+ 

Xe  +  Ar  Xe+  + 

2Ar 

5 . 0(-30) 

15 

+  ,  ,  ,  ,  + 

a.  For  the  Ar^  reactions  corresponding  to  4 -*8  the  indicated  Ar^  rate 

coefficients  were  used. 

b.  The  units  for  two-body  and  three-body  rate  coefficients  are  s'*1  cm3  and 
s'1  cm6,  repectively. 
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Attachment  rate  coefficient,  s' ’em 


FIG.  2 


Electron  mean  energy,  eV 


Rate  coefficients  for  electron  dissociative  attachment  of  NF,  and  F2 
adapted  from  the  work  of  Chantry  [22].  Also  shown  are  the  effective  rate 
coefficients  for  NF,  and  F,  mixtures  having  the  indicated  NF,:F„  propor¬ 
tions.  32 
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show  that  for  certain  NFj-F2  combinations  the  effective  attachment  coefficient 
for  the  mixture  is  Large  (>10-^  s“i  cm^)  over  the  entire  energy  range  of  the 
secondary  (i.e.,  low  energy)  electrons  produced  by  the  electron  beam. 
Therefore,  since  dissociative  attachment  results  in  production  of  F~  and  loss 
of  electrons,  the  production  of  F~,  a  primary  XeF  precursor,  and  the  loss  of 
electrons,  which  quench  XeF,  will  both  be  large  and  essentially  independent  of 
electron  energy  throughout  the  temporal  duration  of  the  e-beam  excitation 
pulse  (~10  nsec  FWHM)  and  the  much  longer  afterglow  (~50-100  nsec), 

(2], [5], [31]. 

2)  Reactive  Quenching:  The  reactive  quenching  of  rare  gas  excited  states 
by  NF3  and  F2  and  the  branching  to  XeF  are  of  particular  importance.  The  rate 
coefficients  and  branching  fractions  for  the  rare  gas  metastable  levels  have 
been  measured  for  practically  all  useful  rare  gas  halide  halogen  donors  [10]. 
The  data  obtained  for  the  raetastable  levels  are  usually  used  in  the  modelling 
of  higher  energy  rare  gas  excited  states.  However,  the  measurements  of  Ku  and 
Setser  [37]  show  that  the  halogen  quenching  rate  coefficients  for  the  Xe(6jj) 
states  are  significantly  larger  than  for  the  Xe(6£)  metastable  state,  and  that 
the  differences  between  the  individual  levels  of  the  Xe(6jj)  manifold  are  also 
large.  Table  II  shows  an  adaptation  of  the  NF3  and  F2  data  of  Ku  and  Setser, 
for  which  we  have  averaged  their  measurements  of  the  individual  Xe(6j>)  levels. 
The  average  rate  constant  for  Xe(6^)  quenching  by  NF3  is  about  an  order-of- 
magnitude  larger  than  that  for  Xe(6£).  Even  the  rate  constant  for  F2  as  the 
reagent  is  increased  by  nearly  30%. 

In  our  modeling  we  have  used  the  data  of  Table  II  and  have  assumed  that 
the  NF 3  and  F2  quenching  rate  constants  of  the  higher  excited  states  of  argon 
and  krypton  (Ar  and  Kr  in  Figs.  I  and  3)  are  larger  than  those  of  the 
metastable  levels  of  those  species  by  the  same  factors  indicated  by  the  Xe 
data  of  Table  II. 
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TABLE  II 


Total  Quenching  Rate  Constants  and  XeF  Branching  Fractions 


Xe*a 

Xe**a 

.  k  b 

|  kQ 

rXeF 

kQb  rXeF 

1 

nf3 

0. 9 ( — 1 0 ) 

0.27 

8 . 9  ( —  1 0 ) 

0.35 

1 

F2 

7. 5 ( —  1 0 ) 

1.0 

9 . 6  ( —1 0 ) 

1.0 

)if  “tcic 

a.  Xe  and  Xe  refer  to  the  species  designations 
shown  in  Figs.  1  and  3  and  described  in  Sec.  II-D. 

b.  The  rate  constants  (units  of  s_1  cm3)  and  branching 

★ 

fractions  indicated  for  Xe  refer  to  values 

measured  for  the  Xe(6s[3/2]2)  metastable  state 

[9],  [10],  while  those  shown  for  Xe  are  averages 

of  values  measured  for  the  Xe  6p [ 1 / 2 ] q ,  6p[3/2]2 

and  6p[5/2)2  states  as  reported  in  [37].  The  rela- 

*  ** 

tive  differences  between  the  Xe  and  Xe  rate 
coefficients  and  branching  fractions  for  NF3  and  F2 
as  the  reagents  were  applied  to  the  corresponding 
reactions  involving  Ar  and  Kr  excited  states. 
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D.  RG  -RG  Kinetics 

In  addition  to  their  role  as  rare  gas-halide  precursors,  the  higher 
excited  rare  gas  states  exhibit  broadband  absorption  extending  throughout  the 
UV/visible  spectral  region  [38].  Knowledge  and  control  of  broadband  transient 
absorption  is  important  for  B+X  rare  gas  halide  laser  applications  and  is 
absolutely  essential  for  the  XeF(OA)  laser  which  typically  will  have  a 
smaller  gain. 

1)  Ar  and  Kr  Excited  States;  Figure  3  shows  in  more  detail  those 

*  kk 

elements  of  Fig.  1  relevant  to  the  present  treatment  of  RG  -RG  kinetics.  In 
our  model  we  consider  Ar*  to  be  comprised  of  the  four  Ar  4s^  and  Us_'  states, 
and  Kr  to  be  comprised  of  the  corresponding  Kr  5s  and  5s'  states.  The 
species  designation  Ar**  refers  to  ten  Ar  4j>  levels,  the  energy  range  of 
which  is  illustrated  by  the  box  in  Fig.  3,  and  all  higher  energy  argon  excited 
states.  For  the  pressures  of  interest  (~6  atm),  the  latter  can  be  expected  to 
relax  to  the  Ar  jj-state  manifold  with  a  sub-nanosecond  time  constant.  The 
species  Kr  is  defined  in  a  similar  way,  and  the  statements  made  about  Ar 
are  also  applicable. 

When  e-beam  excitation  is  used  the  energy  flow  is,  for  the  most  part, 
downward  toward  the  £  states;  and  the  collisional  coupling  between  the  j>  and  s^ 
manifolds  becomes  an  important  issue,  particularly  as  regards  transient 
absorption  by  the  j>  states  [31].  While  there  is  considerable  energy  overlap 
among  the  higher  energy  rare  gas  excited  states,  a  factor  facilitating 
relaxation,  the  energy  gap  between  and  sj_'  states  is  rather  large,  i.e., 

~1  eV,  for  Ar  and  ~0.5  eV  for  Kr  (Fig.  3).  Nevertheless,  Setser  and  co¬ 
workers  have  shown  for  Ar  and  Kr  that  £  ■*•  £  intermultiplet  relaxation  proceeds 
at  a  rapid  rate  by  way  of  complex  mechanisms  involving  curve  crossings,  in 
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Energy,  eV 


FIG.  3 


Rare  gas  excited  states  considered  in  the  present  model.  In  this  work 
the  designation  Ar*  and  Kr*  refers  to  the  indicated  s  and  s',  states 
while  Ar**  and  Kr**  refer  to  the  p  and  higher  energy  states. 

In  contrast,  Xe*  refers  only  to  the  Xe(6s)  states,  while  Xe** 
refers  to  the  coupled  6s',  6p,  and  5d  (and  higher  energy)  states  as 
described  in  the  text. 
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which  attractive  bound  RG^  potential  curves  from  RG(j>)  and  RG  interact  with 
the  repulsive  curves  from  RG(£(  )  and  RG  and  RG(_s_)  and  RG  [39],  [40]. 

This  sequence  of  events  is  illustrated  in  simplified  form  by  Fig.  4.  For 
Ar ,  the  average  two  body  rate  coefficient  for  intermultiplet  relaxation 
between  the  ten  p  levels  and  s^  ,£  (Ar  Ar  ,  Fig.  3)  is  ~3  x  10"!  Isec-^cm3 , 

with  practically  all  Ar(4_p)  levels  participating  [39].  Relaxation  of  the 
Kr(5j))  manifold  in  Ar  proceeds  in  the  same  general  way,  except  that  quenching 
of  only  a  few  low  energy  levels  of  Kr(5£),  particularly  2£^ Q ,  results  in 
intermultiplet  transfer  to  Kr(5£!  ,  5jO  [40].  Since  our  treatment  of  Kr** 
refers  to  the  entire  Kr(5j>)  manifold  (and  higher  energy  states  as  well),  we 
have  used  a  level-weighted  value  of  2.0  xl 0“ * for  Kr  Kr  two  body 

quenching,  a  value  significantly  less  than  the  1.2  x  10-^®s~^cm3  measured  for 

'Jc'/c  "icfc  "fc 

the  Kr(2j>10)  level  alone.  Thus,  for  either  Ar  or  Kr  relaxing  to  Ar  or 
* 

Kr  in  an  Ar  buffer  at  a  pressure  of  several  atm,  the  time  constant  vs 
_<  1  nsec. 

2)  Xe  Excited  States:  Xenon  excited  state  relaxation  differs  from  that 
of  either  Ar  or  Kr ,  and  we  believe  substantially  so.  The  illustration  of  Fig. 
4  indicates  that  two-body  relaxation  of  RG(j?)  results  in  the  formation  of 
RG(j>/ )  rather  than  RG(^) .  As  far  as  Ar  and  Kr  are  concerned,  it  doesn't 
matter  whether  the  js'  or  £  state  is  the  exit  channel  for  £  state  relaxation 
(Fig.  4),  because  both  the  _s_'  and  £  levels  lie  0.5  eV  below  the  2£1Q  level 
of  the  ^  state  manifold.  Thus,  once  relaxation  has  occurred  the  £  states 
cannot  be  repopulated  by  neutral  collisions.  However,  in  Xe  the  upper  6s_' 
level  (ls2)  is  nearly  coincident  in  energy  with  the  2£1Q  level  of  the  £  state 
manifold.  Experimental  evidence  [41],  [42]  [43]  indicates  that  the  primary 
product  of  intermultiplet  relaxation  of  the  Xe(2£5  -►  2£1Q)  levels  is  Xe(6£', 
i.e.,  ia_2  and  l£3),  as  illustrated  in  Fig.  4,  with  little  or  no  coupling  to 
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Potential  energy  diagram  illustrating  two-body  rare  gas  p+s'  colli- 
sional  deactivation,  where  R6  refers  to  A r,  Kr  or  Xe. 


Che  low  lying  Xe(6jO  states.  The  energy  coincidence  of  Xe(6^_')  and  lower 
Xe(6^)  levels,  combined  with  the  energy  overlap  between  the  Xe(6j>)  and  Xe(5cO 
manifolds,  results  in  an  energy  pool,  the  levels  of  which  can  be  mixed  by 
neut ral  collisions.  For  this  reason,  the  relaxation  mechanism  that 
effectively  depopulates  the  (and  higher)  states  of  Ar  and  Kr  (Fig.  4),  is 
relatively  ineffective  at  collisional  deactivation  of  the  coupled  Xe  6s^ ,  6j> 
and  5d  energy  reservoir.  The  result  is  that  the  concentration  of  higher 
energy  Xe  excited  states  is  typically  much  larger  and  longer  lived  than  is 
typical  of  either  Ar  or  Kr  under  similar  circumstances,  the  consequences  of 
which  have  been  discussed  in  detail  previously  [31]  and  will  be  summarized  in 
subsequent  paragraphs. 

For  these  reasons,  in  the  present  model  we  take  Xe*  to  mean  the  two  6^ 
levels,  with  Xe**  referring  to  the  collisionally  coupled  6s/  ,  6j>  and  5d^ 
manifolds  of  states.  Reflecting  this  grouping  of  excited  states,  we  assume 
that  Xe**  is  not  coupled  to  Xe*  by  collisions  with  neutrals  (i.e., 

Ar ) . 

irk  -k 

The  dominant  collision  processes  coupling  RG  and  RG  are  summarized  in 
Table  III  along  with  corresponding  rate  coefficients. 

E.  Broadband  Absorption 

It  is  well  known  that  broadband  transient  absorption  has  a  significant 
adverse  effect  on  the  optical  extraction  efficiency  of  the  UV  rare  gas  halide 
B+X  lasers,  usually  limiting  extraction  efficiency  to  a  value  50%  of  the 
intrinsic  rare  gas  halide  formation  efficiency.  For  the  XeF(C->-A)  laser, 
absorption  is  an  even  more  important  issue  because  the  stimulated  emission 
cross  section  for  the  C+A  transition  is  approximately  thirty  times  smaller 
than  that  of  the  B+X  transition.  Thus,  transient  absorption  can  be  of  the 
same  order  as  the  gain  resulting  from  the  XeF(C)  molecule,  with  the  result 
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TABLE  III 


•k  kk 

RG  ^  RG  Processes 


Reaction 

Rate  Coefficient3 

Reference 

1. 

,  **  .  .  * 

Ar  +  Ar  — *Ar  +  Ar 

3 . 0  ( — 1 1 ) 

39 

2. 

* 

Kr  +  Ar— »Kr  +  Ar 

2. 0 ( —  1 1 ) 

40 

3. 

kk  k 

Xe  +  Ar— *Xe  +  Ar 

nil 

see  text 

4. 

kk  k 

RG  —  RG  +  hv 

3.0(7) 

39,40,41,42 

5. 

&  kk 

RG  +  e— RG  +  e 

5 . 0 (-7 ) 

26 

6. 

RG  +  e— RG  +  e 

1.4C-6) 

26 

a.  The  units  for  two-body  rate  coefficients  are  s_1cm3  and  for  radiative 
transitions  the  units  are  s-*. 
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that  the  net  gain  usually  is  significantly  less  than  the  simple  product  of  the 
C+A  gain  cross  section  and  the  C  state  population  [31].  Indeed, 
identification  of  the  transient  species  absorbing  in  the  blue-green  spectral 
region  and  control  of  their  concentration  by  way  of  mixture  optimization  are 
responsible  for  the  dramatic  improvement  in  XeF(C+A)  laser  performance 
[1], [2], [5], [31], [34]. 

1)  UV/Visible  Photoabsorption  Cross  Sections:  Presented  in  Fig.  3  are 
the  broadband  absorption  cross  sections  [ 38 ] , [44 ] , [45 ] , [46 ] , [47 ] , [48]  for  the 
species  known  to  be  important  absorbers  of  UV  and  visible  radiation  for 
rare  gas  halide  laser  conditions.  Also,  shown  for  comparison  are  the 
stimulated  emission  cross  sections  for  the  B+X  transitions  of  KrF  and  XeF  and 
the  XeF(C+A)  transition  [49]. 

Figure  5  shows  that  broadband  absorption  in  the  UV  region  is  more  complex 
than  in  the  blue-green  region,  largely  a  reflection  of  the  higher  photon 
energy.  Of  significance  is  the  fact  that  photoionization  of  the  rare  gas 
excited  states  [38]  (our  RG**  species,  Fig.  1)  is  important  throughout  the 
entire  UV/visible  spectral  region.  That  process  will  be  shown  to  dominate 
transient  absorption  for  the  XeF(C+A)  laser  conditions  under  investigation. 
Also  of  importance  is  the  fact  that  the  recently  measured  [44]  Kr2F  absorption 
cross  section  has  a  magnitude  and  shape  very  different  from  that  of  Kr^  [45], 
contrary  to  earlier  expectations  [50].  Evidence  of  an  Ar2F  absorption  cross 
section  much  less  than  Ar^  is  also  becoming  available;  there  are  no  data 
available  for  ArKrF.  The  concentrations  of  such  rare  gas  halide  trimers  can 
be  very  large  for  XeF(C-»-A)  laser  conditions.  Except  for  K.r2F,  they  do  not 
affect  the  C+A  laser  directly;  but  their  presence  can  have  a  very  significant 
effect  on  gain  in  the  UV  [5]. 
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Photoabsorption  cross  sections  for  species  known  to  oe  broadband  tran¬ 
sient  absorbers  for  typical  rare  gas  halide  laser  conditions:  Xe**  [38]; 
Kr2F  [44]:  Ar£  and  K r\  [45]-  ArKr*  [46]:  Ar^  [47]-  F'  [48].  The  pnotoao- 
sorption  cross  sections  for  Ar**  and  Kr**  [38]  are  not  shown  for 
the  sake  of  clarity,  but  are  very  similar  to  those  of  Xe**.  Also 
shown  for  comparison  are  the  stimulated  emission  cross  sections  for  the 
B+X  transition  of  KrF  and  for  the  XeF(OA)  transition  [49]. 

06-6-44-  1 
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2)  Ar ^  photoabsorption:  Recently  Lineberger  and  co-workers  [47] 

measured  the  magnitude  and  spectral  shape  of  the  Ar^  photoabsorption  cross 
section  (Fig.  5).  Over  the  440-520  nm  effective  tuning  range  [2]  of  the  C+A 
laser,  the  measured  Ar*  photoabsorption  cross  section  is  very  large, 
confirming  our  earlier  conclusion  [31]  that  Ar^  is  an  important  absorber  in 
Ar-buffered  XeF(C-*-A)  laser  mixtures  not  containing  Kr . 

3)  Absorber  Bleaching  in  the  Blue-Green  Region:  It  is  important  to  note 
that  because  the  blue-green  photo-absorption  cross  sections  for  the  primary 
absorbing  species  are  significantly  larger  than  the  XeF(C+A)  stimulated 
emission  cross  section  (Fig.  5),  the  saturation  fluxes  for  broadband  transient 

r/ck  "kk 

absorbers  such  as  Ar  ,  Kr  ,  and  particularly  Xe  ,  are  comparable  to  those 
of  the  C+A  laser  transition,  in  striking  contrast  to  the  situation  typical  of 
the  B+X  lasers.  Thus,  optical  bleaching  of  transient  absorption  can  be 
significant  in  XeF(C->-A)  lasers  [31],  [51],  particularly  when  the  laser  is  tuned 
off  the  peak  of  the  gain  cross  section  or  at  wavelengths  for  which  narrow 
discrete  absorption  is  known  to  occur  [2].  We  are  unaware  of  any  significant 
non-saturable  absorption  in  the  blue-green  region  under  the  conditions  for 
which  good  XeF(C>A)  laser  performance  has  been  obtained.  Thus,  although  the 
low  C-*-A  gain  cross  section  results  in  a  lower  net  gain  than  is  possible  for 
the  B>X  transitions,  higher  energy  extraction  efficiency  may  be  possible  for 
optimized  XeF(C-»-A)  lasers. 

III.  XeF(C+A)  LASER  MEDIUM  PROPERTIES 

As  mentioned  previously,  the  primary  focus  of  our  analysis  is  short 
pulse  (10  ns  FWHM) ,  electron-beam  excitation  of  high  pressure  multi-component 
XeF(C-*-A)  laser  mixtures.  Specific  experimental  conditions  and  a  complete 
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description  of  the  laser  cell  used  are  reported  elsewhere  [2].  For  those  con¬ 
ditions,  the  energy  deposition  on  the  optical  axis  was  on  in  the  100-150 
J/liter  range  (~  12.5  MW  cm-3).  To  first  order  the  energy  deposition  is 
proportional  to  the  Ar  pressure.  Since  the  gain  is  sensitive  to  energy 
deposition,  changes  in  the  Ar  pressure  are  very  significant.  With  the  Ar 
pressure  fixed  at  ~6  atm,  the  other  constituent  fractions  have  been  optimized 
to  maximize  the  gain.  However,  both  experiment  and  theory  show  that  the 
following  constituent  variations  have  only  a  small  effect  on  the  gain  and 
laser  performance:  Kr-300  Torr  ±75  Torr;  Xe-8  Torr  ±2  Torr;  NFj-8  Torr  ±4 
Torr;  F2-l  Torr  ±0.5  Torr.  Although  the  following  discussion  will  focus  on 
the  specific  mixture  of  Ref.  [2],  the  indicated  allowable  variations  should 
be  understood. 

A.  Species  Concentrations 

Presented  in  Figs.  6-8  is  the  computed  temporal  variation  of  selected 

**  **  ** 

species  concentrations.  The  rare  gas  species  Ar  ,  Kr  and  Xe  (Fig.  6) 
will  be  shown  to  be  the  dominant  source  of  broadband  absorption  in  the  blue- 
green  region.  Each  of  these  species  contributes  significantly  to  absorption 
during  the  e-beam  excitation  pulse,  but  Xe**  absorption  persists  for  a 
much  longer  time  reflecting  the  relatively  long  time  required  for  collisional 
deactivation  of  Xe*x  as  described  in  Section  1I-D. 

As  expected,  the  XeF(C)  population  (Fig.  7)  is  the  largest  by  far  and, 
were  it  not  for  absorption,  would  result  in  a  gain  of  about  4%  cm~l  for  a 
wavelength  of  ~480  nm  at  the  ~  10-17  cm2  maximum  of  the  C+A  gain  cross  section 
[49],  Fig.  5.  The  KrF  and  XeF(B)  populations  are  also  substantial  for  a  short 
time,  and  the  computed  peak  gain  at  248  nm,  and  351/353  nm  is  on  the 
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Computed  temporal  variation  of  Ar**,  Kr**  and  Xe**  for  a 
mixture  comprised  of  Ar  (6  atm)-Kr(300  Torr)-Xe(8  Torr)-NF3(8  Torr)- 
F2(l  Torr),  excited  by  a  ~1  MeV  electron  beam  pulse  having  a  duration  of 
10  nsec  (FWHM)  and  a  peak  current  density  of  ~250  Acm"2.  For  tnese 
conditions  the  volumetric  energy  deposition  is  ~130  J/liter 
(13  MWcm-3). 
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Computed  temporal  variation  of  ArF,  KrF,  XeF(B)  and  XeF(C)  for  the 
conditions  of  Fig.  6.  The  temporal  region  of  maximum  XeF(C+A)  net  gain 
is  indicated. 


order  of  a  few  percent  per  cm. 


Indeed,  relatively  efficient  simultaneous 


laser  oscillation  on  the  B+X  and  C+A  transitions  of  XeF  has  been  demonstrated 
for  a  gas  mixture  similar  to  that  of  Fig.  6  using  a  special  cavity  design 
[51. 

1)  Kr2F:  Of  the  rare  gas  halide  trimers  shown  in  Fig.  8,  the 
populations  of  ArKrF  and  Kr2F  are  very  high,  particularly  the  latter.  In 
fact,  except  for  the  presence  of  Xe ,  the  mixture  conditions  of  Fig.  8  are  very 
close  to  those  found  to  be  optimum  for  Kr2F  laser  oscillation  [52].  The 
presence  of  the  Kr2F  trimer  causes  significant  absorption  at  ~  350  nm  and, 
along  with  Kr  and  (Fig-  5),  tends  to  suppress  oscillation  on  the 

XeF(B-*-X)  transition  [5].  In  addition,  Xe  has  been  shown  to  be  a  very  strong 
quencher  of  Kr 2F  [5].  Based  on  our  analysis  of  the  dependence  of  the  Kr2F  and 
XeF(C-vA)  fluorescence  as  Xe  is  added  to  the  mixture,  we  infer  a  rate 
coefficient  of  ~4.5  x  10-10s_1cm3  for  the  reaction,  Kr2F  +  Xe  XeF(B,C)  + 

2Kr .  Because  of  the  limited  energy  available  (Fig.  1),  XeF  so  formed  must  be 
in  very  low  vibrational  levels,  in  contrast  to  ion-ion  recombination  and 
harpooning  reactions  which  result  in  rare  gas  halides  in  very  high  vibrational 
levels . 


B.  XeF(OA)  Net  Gain 

Presented  in  Fig.  9  are  the  measured  [2]  and  computed  C+-A  net  gain  at 
~480  nm.  The  gain  measurement  is  a  spatial  average  of  a  double  pass  through  a 
10  cm  long  medium.  Measurements  of  the  e-beam  energy  depostion  show  it  to  be 
non-uniform  [2],  having  a  maximum  value  of  ~150  J/liter  in  the  center  of  the 
active  region,  tapering  off  in  each  direction  along  the  optical  axis.  We  have 
computed  the  gain  as  a  function  of  energy  deposition  (position)  along  the 
optical  axis  and  have  analyzed  the  effect  of  the  gain  spatial  nonuniformity  on 
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Measured  [2]  and  computed  XeF(OA)  net  gain  at  ~480  nm,  a  wavelength 
corresponding  to  the  maximum  in  the  C+A  gain  cross  section  (Fig.  5). 
Measurements  of  e-beam  energy  deposition  show  it  to  be  non-uniform  along 
the  optical  axis,  having  a  maximum  value  in  the  center  of  ~150  J/liter 
and  an  average  value  of  ~100  J/liter  [2].  As  described  in  the  text, 
analysis  of  the  net  gain  measurement  for  these  conditions  shows  that  the 
effective  energy  deposition  for  a  uniform  medium  would  be  ~130  J/liter. 
For  this  reason  the  comparison  was  made  for  the  conditions  of  Fig.  6 
(~130  J/liter  deposited  energy). 
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the  measured  average  gain.  The  average  value  so  measured  corresponds  to  a 
uniform  effective  energy  deposition  value  of  ~130  J/liter,  and  the  computed 
gain  curve  shown  in  Fig.  9  corresponds  to  that  value.  Considering  the 
complexity  of  both  the  measurement  and  the  kinetics  model,  the  agreement 
between  the  measured  and  computed  gain  is  considered  to  be  good. 

1)  Broadband  Transient  Absorption:  Presented  in  Fig.  10  is  the  computed 
net  gain  of  Fig.  9,  along  with  the  individual  contributions  of  XeF(C)  and  the 
total  broadband  transient  absorption.  During  the  period  of  initial  absorption 
( ~5  —  1 5  nsec)  both  the  XeF(C)  gain  and  the  transient  absorption  are  comparable 
in  magnitude  and  are  significantly  larger  than  the  actual  net  absorption . 
Obviously,  in  that  temporal  region  the  demands  on  the  accuracy  of  the  kinetics 
model  are  severe  as  regards  quantitative  computation  of  the  net  absorption. 
After  termination  of  the  e-beam  the  absorption  decays  while  the  XeF(C) 
population  continues  to  rise.  In  the  temporal  region  for  which  the  net  gain 
maximum  occurs,  the  XeF(C)  contribution  is  ~6  times  larger  than  the  broadband 
absorption. 

2)  Rare  Gas  Excited  State  Absorption:  Figure  11  shows  the  individual 
contributions  to  the  broadband  transient  absorption  at  480  nm.  For  these 
conditions  our  analysis  indicates  that  the  absorption  in  the  blue-green  region 
is  dominated  by  photoionization  [38]  of  the  rare  gas  excited  states  Ar  , 

•kic  ick 

Kr  ,  Xe  ,  the  modelling  of  which  is  described  in  Sec.  II-D. 

XeF(C+A)  laser  spectra  always  exhibit  evidence  of  very  narrow  discrete 
absorption  [2]  attributable  to  bound-bound  phototransitions  between  low  energy 
rare  gas  excited  states  and  Rydberg  levels.  Cross  sections  for  these  processes 
are  not  known.  However,  except  when  tuning  the  laser  to  a  specific  wavelength 


corresponding  to  a  Rydberg  transition,  discrete  absorption  is  insignificant 
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Computed  net  gain  profile  of  Fig.  9,  along  with  the  individual 
contributions  of  XeF(C)  and  the  total  transient  absorption. 
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compared  to  broadband  transient  absorption.  Thus,  in  the  present  analysis  only 
broadband  transient  absorption  processes  have  been  considered. 

3)  Wavelength  Dependence  of  Peak  Gain:  By  far  the  most  unique  feature 
of  the  XeF(C-»-A)  laser  is  its  potential  for  continuous,  broadband  tunability. 
Indeed,  this  laser  is  the  only  UV/visible  gas  laser  that  is  broadly  tunable 
and  scalable.  Figure  12  shows  the  computed  wavelength  dependence  of  the 
maximum  gain.  Also  shown  for  comparison  are  experimental  data  [53]  obtained 
under  similar  but  somewhat  different  conditions  than  those  of  Fig.  9.  The 
data  points  shown  correspond  to  wavelengths  for  which  discrete  absorption  does 
not  occur.  Thus,  the  measured  wavelength  dependence  of  the  peak  gain  can  be 
compared  directly  with  the  computed  curve.  Referring  to  the  calculated  curve, 
the  maximum  gain  exceeds  2%cm-1  over  a  ~40  nm  spectral  range  and  it  exceeds 
l%cm_1  over  a  ~70  nm  range.  Indeed,  this  laser  has  been  tuned  with  efficient 
(1-1.3%)  energy  extraction  between  470  and  500  nm  with  nearly  constant  output 
[2]. 

Although  the  agreement  between  the  computed  curve  and  the  data  points 
shown  is  satisfactory,  the  difference  above  ~490  nm  is  obviously  larger  than 
at  other  wavelengths  and  appears  to  be  systematic.  The  difference  may  be  real 
and  due,  at  least  in  part,  to  the  fact  that  the  Xe(2£1Q)  level,  the  lowest 
energy  level  of  Xe(6£)  manifold,  requires  a  photon  energy  of  at  least  2.5  eV 
(i.e.,  A  <  490  nm)  for  photoionization.  The  2£1Q  level  is  the  one  in 
quasiequilibrium  with  Xe(l£2)»  the  combination  likely  to  be  the  dominant 
contributor  to  our  Xe  ,  particularly  after  termination  of  the  e-beam 
excitation  pulse.  Thus,  our  procedure  for  modelling  Xe  is  most  likely 
semiquantitative  at  best  as  regards  calculation  of  absorption  for  wavelengths 
500  nm.  In  any  case,  the  measured  gain  for  wavelength  >  500  nm  suggests  an 
even  larger  tuning  range  than  the  computed  gain  curve. 
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Calculated  wavelength  dependence  of  the  maximum  XeF(C+A)  net  gain 
(occurring  at  ~30  ns.  Figs.  9  and  10).  Also  snown  for  comparative 
purposes  are  experimental  points  obtained  under  generally  similar 
conditions  for  wavelengths  at  which  discrete  absorption  does  not 
occur  [53].  The  upper  curve  (x  ?  470  nm)  was  obtained  by  subtracting  the 
effect  of  absorption  due  to  the  Xe  (2P6+2P,0)  states,  having  wavelength 
thresholds  as  indicated,  see  Sec  3-B. 
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C.  Effect  of  Kr  on  Absorption 

As  reported  previously  [5]  and  discussed  herein,  the  presence  of  Kr  in 
the  XeF(C-»A)  laser  mixture  affects  practically  all  aspects  of  gas  kinetics. 
However,  the  most  striking  effect,  and  the  first  observed  [31],  is  a 
significant  reduction  in  the  transient  absorption  during  the  e-beara  excitation 
pulse  when  Kr  is  added  to  the  gas  mixture.  Presented  in  Fig.  13  is  a 
comparison  of  the  temporal  gain  profile  discussed  previously  [Fig.  9]  with  a 
gain  profile  computed  for  exactly  the  same  conditions,  but  with  no  Kr  in  the 
mixture.  The  much  larger  initial  absorption  when  Kr  is  omitted  is  in  very 

good  agreement  with  experimental  observations  [53].  Analysis  shows  that  the 

,  + 
reduced  absorption  is  due  almost  entirely  to  a  reduced  Ar^  concentration, 

which  is  approximately  an  order-cf-raagnitude  lower  in  the  Ar-Kr  buffered 

mixture,  a  reflection  of  the  strong  Ar2  +  (Ar3  +  )  Kr+  charge  exchange  reactions 

(Table  I).  Figure  5  shows  that  the  cross  section  for  Ar^  photoabsorption  is 

exceptionally  high  for  blue-green  photons.  Thus,  the  reduction  in  the 

population  of  Ar*  and  Ar^  as  a  consequence  of  charge  exchange  with  Kr  results 

in  a  very  significant  decrease  in  the  initial  absorption  when  Kr  is  combined 

with  Ar  to  form  the  buffer. 

1)  Kr  variation:  Figure  14  illustrates  the  effect  of  Kr  variation  on  the 
peak  XeF(C-vA)  gain,  which  occurs  at  the  ~30  nsec  point  in  Fig.  13.  As  Kr  is 
added,  initially  there  is  a  slight  decrease  in  the  OA  peak  gain  as  the  Kr  and 
Xe  compete.  In  fact,  a  slight  gain  minimum  is  observed  when  the  Kr  and  Xe 
pressures  are  approximately  equal.  This  is  consistent  with  experimental 
observations  which  show  that  for  Kr  ~  Xe,  the  C+A  laser  output  actually 
decreases  [53].  However,  as  the  Kr  pressure  is  increased  further  (Kr  »  Xe), 
the  C+A  gain  rises  dramatically,  reaching  a  broad  maximum  at  a  Kr  pressure  of 
~300  Torr,  a  value  shown  by  experiment  to  be  optimum  for  the  conditions  of 
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Comparison  of  the  temporal  gain  profiles  (480  nm)  for  the  mixture  of 
Fig.  6,  and  the  same  mixture  without  Kr. 
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Fig.  9,  [1],  [2].  For  Kr  pressures  above  ~500  Torr  the  C+-A  gain  decreases 
rapidly,  even  though  the  energy  deposition  is  increasing,  also  in  accord  with 
experimental  observations  [1]. 

Throughout  a  four  order-of-magnitude  variation  in  Kr  pressure  (Fig.  14), 
the  computed  XeF(C)  population  changes  by  no  more  than  ±20%,  even  though  Kr 
significantly  effects  all  aspects  of  the  kinetics.  This  rather  remarkable 
result  is  entirely  consistent  with  the  experimental  observation  that  the  time 
integrated  C+A  fluorescence  is  essentially  independent  of  Kr  pressure  [5].  In 
fact,  the  undulating  nature  of  the  C+A  gain  for  the  conditions  of  Fig.  14  is 
due  almost  entirely  to  the  effect  of  Kr  on  transient  absorption.  In  the  30  to 
300  Torr  range  of  Kr  pressure  the  concentrations  of  transient  absorbers  (Ar* 

•kie  ** 

in  particular)  decrease.  Above  300  Torr,  absorption  due  to  Kr  and  Xe 
increases  reflecting  in  part  the  increased  energy  deposition  level.  In  that 
connection,  it  should  be  pointed  out  that  for  every  value  of  total  pressure 
and  e-beam  temporal  duration  there  is  an  optimum  combination  of  mixture 
constituents  and  e-beara  pumping  intensity.  However,  experimental  constraints 
and/or  procedures  usually  limit  the  range  of  accessible  parameter  space. 

Thus,  the  presentation  of  Fig.  14  reflects  the  usual  experimental  procedure 
[1]  for  which  the  total  pressure,  minority  mixture  fractions  and  e-beam 
parameters  are  fixed  while  the  Kr  pressure  is  varied. 

D.  XeF(B,C)  Formation  and  Loss 

Figures  15  and  16  present  the  temporal  variation  of  the  primary  individ¬ 
ual  contributions  to  XeF(B,C)  formation  and  loss  for  the  conditions  of 
Figs.  6-14. 

1)  XeF  Formation:  As  regards  XeF  formation,  the  indicated  ion-ion 
recombination  and  harpooning  reactions  are  more  important  at  lower  Kr 
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concentrations.  However,  the  increasing  importance  of  the  Kr2F  +  Xe  +  XeF 
displacement  reaction  as  the  Kr  pressure  is  increased  compensates  for  the 
decreasing  importance  of  those  reactions,  with  the  result  that  the  XeF 
formation  rate  is  sensibly  constant  over  a  very  large  range  of  Kr  pressure. 

As  mentioned  previously,  we  infer  a  value  of  ~4.5  x  10-10  s-1  cm^  for  the 
indicated  Kr2F  -  Xe  displacement  reaction.  Displacement  reactions  involving 
ArF  and/or  KrF  are  not  important  sources  of  XeF  because  these  species  are 
rapidly  converted  to  rare  gas  halide  triatomics  at  a  pressure  of  six  atm  and, 
therefore,  are  present  in  relatively  low  concentrations  (Fig.  7). 

For  the  conditions  of  Fig.  15  the  calculated  XeF  formation  efficiency  is 
~6%,  a  value  which  is  affected  by  the  ~2.5  eV  photon  energy  of  the  C+A 
transition.  Numerical  experimentation  indicates  that  the  XeF(C)  formation 
efficiency  may  be  as  high  as  ~  10%  for  certain  combinations  of  pressure, 
mixture  and  e-beam  pump  intensity/duration. 

2)  XeF  Quenching:  Quenching  of  XeF  is  dominated  by  three-body  processes, 
reflecting  the  6  atm  Ar  buffer  pressure,  and  by  two-body  collisions  with  Xe 
(Fig.  16).  For  the  present  conditions,  Ar ,  Kr  and  Xe  contribute  approximately 
equally  to  three-body  quenching  of  XeF.  Our  modelling  shows  that  the  peak 
gain  increases  slightly  as  the  pressure  is  reduced  below  6  atm,  provided  that 
the  electron-beam  current  density  is  increased  to  maintain  the  pump  energy 
density  level  constant.  This  trend  is  due  to  the  reduced  importance  of  three- 
body  quenching  of  XeF  (Fig.  16)  as  the  pressure  is  reduced.  Table  IV  shows  the 
dominant  XeF  quenching  processes  considered  in  our  model  along  with  the 
corresponding  rate  coefficients. 
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Temporal  variations  of  the  primary  XeF(B,C)  formation  processes  for  the 
conditions  of  Fig.  6-13.  The  fractional  contribution  of  each  process  on 
a  time  integrated  basis  is  also  indicated. 
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Temporal  variations  of  the  primary  XeF(B,C)  loss  processes  for  the 
conditions  of  Figs.  6-13.  The  fractional  contribution  of  each  process  on 
a  time  integrated  basis  is  also  indicated. 


TABLE  IV 


XeF  Loss  Processes 


Reaction 

Rate  Coefficient3 

Reference 

XeF  +  2Ar  — ‘products 

7  x 

10 

-34 

See  Ref.  11 

XeF  +  Xe  +  Ar— *  products 

4  x 

10 

-31 

12 

XeF  +  Kr  +  Ar  — ‘products 

~1 .0  x 

10-32 

this  work 

XeF  +  Xe— ‘products 

1.2 

X 

10"10 

12 

XeF  +  F2— ♦products 

2.0 

X 

lo-io 

11 

XeF  +  NF 3— ^products 

2.0 

X 

10-11 

11 

XeF(B) — XeF(X)  +  hv 

7.7 

X 

107 

11,49 

XeF(C) — XeF(A)  +  Hv 

1.0 

X 

107 

11,49 

XeF(B)  +  e— ^products 

1.4 

X 

lO-7 

see  text 

XeF(C)  +  e— ‘products 

4.0 

X 

10-0 

see  text 

a.  The  units  for  two-  and  three-body  rate  coefficients  are  s_1cm3  and 

s-1cm6,  respectively,  and  for  radiative  transitions  the  units  are  s-1 
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3)  Electron  Quenching:  Figure  16  shows  that  the  effect  of  electron 
quenching  is  significant.  Rate  coefficents  for  electron  quenching  of  rare  gas 
halide  diatomics  and  triatomics  are  highly  uncertain.  Such  data  are  never 
determined  directly,  and  their  inference  requires  accurate  knowledge  of  the 
halogen  concentration,  the  electron  density,  the  average  electron  energy,  and 
possibly  even  specific  details  of  the  electron  energy  distribution  [35].  The 
two  latter  properties  are  highly  dependent  on  gas  pressure  and  on  the  specific 
gas  mixture.  Thus,  it  is  not  surprising  that  there  is  almost  an  order-of- 
magnitude  variation  in  reported  values  of  electron  quenching  coefficients  for 
rare  gas  halides.  In  this  work  we  have  used  values  of  1.4  x  10-7  s-1cm3  and 
4.0  x  10-8  s-1cra3  for  electron  quenching  of  the  B  and  C  states  of  XeF.  These 
values  are  twice  those  computed  by  Hazi ,  Rescigno  and  Orel  [54]  for  super¬ 
elastic  de-excitation  of  XeF  by  electrons,  and  are  in  reasonable  agreement 
with  values  of  total  quenching  coefficients  reported  by  others.  Numerical 
experimentation  shows  that  an  increase  in  the  B  and  C  state  electron  quenching 
coefficients  by  as  much  as  a  factor  of  three  over  the  values  used  reduces  the 
peak  XeF(C)  population  by  only  ~  20%.  Nonetheless,  electron  quenching  has  a 
significant  influence  on  the  variation  of  the  peak  gain  as  the  electron  beam 
energy  deposition  (pump  power)  is  increased.  For  energy  deposition  values  up 
to  approximately  50  J/liter  (5  MWcm-3  for  our  10  ns  excitation  pulse)  the  peak 
gain  is  nearly  proportional  to  pump  energy/ power .  However,  as  the  electron 
beam  pumping  level  is  increased  above  50  J/liter,  the  increasing  electron 
density  and  the  resulting  XeF(B,C)  quenching  by  electrons  limits  the  increase 
in  the  XeF(C)  population.  Indeed,  our  modelling  shows  that  for  the  conditions 
of  present  interest  the  peak  gain  saturates  for  pumping  levels  of  100 
J/liter  (10  MWcm-3).  The  computed  variation  of  maximum  XeF(C+A)  gain  with 
electron  beam  pump  energy  is  found  to  be  in  good  agreement  with  experimental 
observations  [2]. 
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4)  Rate  Coefficient  Sensitivity:  Figures  15  and  16  show  that  no  single 
process  dominates  either  XeF  formation  or  loss.  For  this  reason  our  numerical 
experimentation  with  the  various  rate  coefficients  corresponding  to  the 
processes  indicated  in  the  figures  shows  that  the  maximum  likely  uncertainty 
in  the  computed  XeF(C)  population  near  the  peak  of  the  gain  profile  is  ±20%. 
Since  the  absorption  is  relatively  small  at  the  time  the  XeF(C)  population 
reaches  its  maximum  value  (Fig.  10),  the  uncertainty  in  the  computed  net  gain 
maximum  is  also  estimated  to  be  on  the  order  of  ±20%. 

£.  Alternate  Excitation  Conditions 

All  of  our  work  to  date  has  focused  on  high  current  density  e-beam  exci¬ 
tation  of  short  temporal  duration.  Such  conditions  result  in  the  highest  net 
gain  on  the  XeF(C->-A)  transition,  a  particularly  important  consideration  when 
efficient,  broadband,  continuous  tuning  [2]  is  the  primary  objective. 

However,  other  excitation  techniques  such  as  soft  e-beam  pumping  for  times 
>100  nsec  and  discharge  excitation  have  considerable  potential. 

1)  Long  Pulse  E-Beam  Excitation:  Shortly  after  laser  oscillation  on  the 
XeF(C-*A)  transition  was  first  demonstrated,  Campbell,  Fisher  and  Center  [55] 
achieved  laser  oscillation,  albeit  at  very  low  efficiency,  using  a  low  current 
density  ( <10  A/cm2)  e-beam  having  a  duration  of  1  ysec .  Either  Ar  at  a 
pressure  of  two  atm  or  Kr  at  one  atm  was  used  as  the  buffer  gas,  and  both  F^ 
and  NF3  (individually)  were  used  as  a  source  of  fluorine.  Although  laser 
oscillation  was  demonstrated,  the  measured  net  gain  at  488  nm  was  very  low, 
<0.1%  cm"1,  resulting  in  an  extraction  energy  density  on  the  order  of  one 
mJ/liter  when  a  stable  resonator  was  utilized. 

We  have  computed  the  net  gain  at  480  nm  for  the  same  conditions  used  by 
Campbell,  et.  al.,  and  find  it  to  be  ~0.1%  cm-1.  More  important,  however,  the 
computed  magnitudes  of  the  contributions  to  the  net  gain  of  both  XeF(C)  and 
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transient  absorption  are  both  significantly  larger  than  the  net  gain  itself. 
Thus,  relatively  small  changes  in  either  the  C  state  population  or  the 
absorption  level  will  have  a  disproportionately  large  effect  on  the  net 
gain.  Accordingly,  we  re-computed  the  net  gain  at  480  nm  for  e-beam 
conditions  generally  similar  to  those  of  Ref.  [55],  i.e.,  two  atm  Ar  buffer 
pressure,  but  with  the  K.r,  Xe,  NF^  and  pressures  of  Figs.  6-13.  For  these 
conditions,  corresponding  to  an  electron  beam  energy  depostion  of  ~300 
J/liter  (~  300  kWcm-3)  in  1  psec,  the  computed  net  gain  at  480  nm  increased 
from  ~0.1%  cm-1  to  ~0.5%  cm-1.  Although  no  attempt  was  made  to  optimize  the 
mixture  or  the  e-beam  pumping  level,  it  is  clear  that  a  net  gain  on  the  order 
of  0.5%  cm-1  should  be  consistent  with  reasonably  efficient  energy  extraction 
using  a  microsecond  excitation  pulse.  Indeed,  XeF(C->-A)  laser  output  energy 
density  and  intrinsic  efficiency  values  of  ~  1  J/liter  and  ~  1%  have  been 
reported  recently  using  a  similar  Ar,  Kr,  Xe,  F2,  NF3  mixture  excited  by  a 
~0.7  psec  electron  beam  [56].  It  should  be  pointed  out,  however,  that  the  gain 
in  the  wings  of  the  profile  and  at  wavelengths  for  which  discrete  absorption 
occurs  [2]  will  be  considerably  less  than  0.5%  cm-1,  a  factor  that  is 
significant  as  regards  wavelength  tuning  off  the  gain  maximum. 

2)  Discharge  Excitation:  For  some  applications  discharge  excitation  of 
the  XeF(C*A)  laser  will  have  advantages  over  e-beam  excitation.  In  the  past 
discharge  excitation  of  the  C*A  has  suffered  from  the  same  problem  as  long 
pulse  e-beam  excitation,  i.e.  low  gain  and  therefore  unacceptably  low  extrac¬ 
tion  energy/efficiency  [57], [58].  Injection  control  [59]  improved  the  situa¬ 
tion,  but  use  of  a  stable  optical  cavity  severely  limited  the  portion  of  the 
active  volume  from  which  energy  could  be  extracted.  Very  recently  [60], 
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injection  control  of  a  discharge  excited  C+A  laser  was  accomplished  injecting 
through  a  small  hole  in  the  large  mirror  of  an  unstable  cavity.  The  latter 
served  as  a  beam  expending  telescope  [2]  permitting  use  of  the  entire  active 
volume.  With  this  arrangement  extraction  energy  density  and  intrinsic 
efficiency  values  of  approximately  0.1  J/liter  and  0.1%,  respectively,  have 
been  obtained,  representing  a  significant  improvement  over  prior  results.  In 
that  work,  the  gas  mixture  found  to  be  compatible  with  stable  discharge  opera¬ 
tion  was  He  buffered,  and  was  essentially  the  same  as  that  used  for  XeF(B->-X) 
laser  oscillation.  Although  we  have  not  modeled  the  discharge  excited  C*A 
laser,  it  seems  clear  that  the  key  issue  is  attainment  of  stable  discharges  in 
mixtures  compatible  with  efficient  XeF(C)  formation  and  low  transient  absorp¬ 
tion  . 


IV.  SUMMARY 

Through  kinetics  optimization  using  multi-component  gas  mixtures  [1], 

[5],  [34],  the  XeF(C*A)  laser  has  emerged  as  one  that  is  capable  of  extraction 
energy  density  and  efficiency  values  comparable  to  those  of  the  better  devel¬ 
oped  rare  gas  halide  B-*-X  lasers  when  excited  under  generally  similar  condi¬ 
tions.  Moreover,  the  C+A  laser  is  the  only  excimer  laser  capable  of  wideband, 
continuous  wavelength  tuning.  Indeed,  efficient  (~1%)  tuning  over  a  30  nra 
bandwidth  has  already  been  demonstrated  [2]  using  "short  pulse"  e-beam 
excitation  as  described  herein,  and  an  efficient  tuning  range  approaching 
100  nm  is  a  distinct  possibility. 

In  this  work  we  have  analyzed  the  fundamental  processes  affecting  forma¬ 
tion  and  loss  of  both  the  XeF  excimer  and  the  primary  transient  species  that 
absorb  in  the  blue-green  spectral  region.  Agreement  and  consistency  with 
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experimental  observations  [  1  ] , [ 2 ]  is  generally  good  for  the  high  current  den¬ 
sity,  short  temporal  duration  e-beam  conditions  examined.  Additionally,  low 
current  density,  "soft"  e-beam  pumping  for  a  duration  on  the  order  of  1.0  psec 
appears  very  promising  [56].  Efficient  energy  extraction  using  discharge 
excitation  is  also  on  the  horizon  [60]  if  laser  medium  and  discharge  stability 
compatibility  can  be  achieved. 

Although  the  results  of  the  present  analysis/modeling  indicate  that 
XeF(C->A)  laser  kinetics  are  reasonably  well  understood,  our  investigation  also 
reveals  areas  for  which  the  fundamental  data  base  is  weak  or  incomplete. 
Examples  of  processes  for  which  the  data  base  of  rate  coefficients  and  reac¬ 
tion  products  could  be  significantly  improved  are  as  follows: 

i.  two-  and  three-body  charge  exchange  involving  Ar,  Kr  and  Xe  homonu- 
clear  and  heteronuclear  molecular  ions,  particularly  the 

latter; 

ii.  formation  and  destruction  of  weakly  bound  (<0.5  eV)  heteronuclear 
rare  gas  dimer  ions  and  excited  species; 

iii.  halogen  reactive  quenching  of  higher  excited  states  of  the  rare 
gases ; 

iv.  reactive  quenching  of  rare  gas  excited  states  by  halogen  dissocia¬ 
tion  fragments; 

v.  rare  gas  displacement  reactions  for  rare  gas  halide  diatomic  and 
triatoraic  species; 

vi.  electron  quenching  of  rare  gas  halide  diatomic  and  triatomic 
species . 

Strengthening  and  expansion  of  the  data  base  for  reactions  of  the  type 
indicated  are  important  for  applications  involving  all  UV  rare  gas-halide 
lasers,  the  XeF(C+A)  laser,  and  other  lasers  such  as  the  atomic  xenon  laser 
[61],  particulary  as  attempts  are  made  to  scale  laser  systems  to  large  sizes. 
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Abstract— Us*  of  a  two-component  buffer  gas  comprised  of  Ar  and 
Kr  results  in  electron-beam  excited  XeF(  C  —  A )  laser  pulse  energy  and 
intrinsic  efficiency  values  comparable  to  those  of  UV  rare  gas-halide 
lasers.  Herein  we  report  measurements  of  transient  absorption  con¬ 
firming  that  the  primary  effect  of  a  buffer  comprised  of  Ar  and  Kr  is 
a  significantly  lower  level  of  ionized  and  excited  species  that  absorb  in 
the  blue-green  spectral  region.  Spectral  analysis  of  a  variety  of  mix¬ 
tures  shows  that  the  Ar-Kr  buffer  also  benefits  XeF(  C  —  A)  laser  per¬ 
formance  due  to  an  increase  in  gain  in  the  400-450  nm  region  caused 
by  the  presence  of  the  Kr2F  excimer.  In  addition,  a  large  increase  in 
absorption  at  -  351  nm,  also  due  to  Kr2F,  suppresses  oscillation  on  the 
competitive  XeFffi  —  X)  transition  and,  for  certain  conditions,  makes 
efficient  simultaneous  oscillation  of  the  XeF( B  —  X )  and  XeF(  C  —  A) 
laser  transitions  possible. 

I.  Introduction 

LECTRICALLY  excited  rare  gas-halide  laser  mix¬ 
tures  typically  are  comprised  of  a  high  pressure  ( >  1 
atm)  rare  gas  background,  or  buffer ,  a  second  rare  gas 
species  at  much  lower  pressure  from  which  the  rare  gas- 
halide  excimer  molecule  is  comprised,  and  a  halogen  do¬ 
nor  at  a  partial  pressure  of  a  few  torr  (1],  [2].  Selection 
of  a  particular  buffer  species  and  its  pressure  is  dictated 
by  several  requirements:  1)  vibrational  relaxation  of  the 
rare  gas  halide  (RGH)  excimer  by  the  buffer  must  be 
fast  compared  to  deactivation  processes,  2)  collisional 
quenching  of  the  RGH  by  the  buffer  must  be  minimal,  3) 
transient  absorption  at  the  laser  wavelength  by  buffer-re¬ 
lated  ionized  and  excited  species  must  be  held  to  an  ac¬ 
ceptable  level,  and  4)  when  electron-beam  (e-beam)  ex¬ 
citation  is  used  the  buffer  gas  must  have  a  relatively  high 
stopping  power,  while  electric  discharge  excitation  re¬ 
quires  a  buffer  compatible  with  formation  of  a  stable  dis¬ 
charge.  Additionally,  each  specific  RGH  laser  often  has 
one  or  more  unique  requirements  affecting  buffer  gas  se¬ 
lection,  but  they  are  generally  of  less  importance  than 
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those  listed  above.  Thus,  determination  of  the  rare  gas 
buffer  species  that  is  best  for  a  particular  situation  is 
clearly  a  compromise  involving  several  conflicting  fac¬ 
tors. 

Based  on  several  years  of  experimentation  supple¬ 
mented  by  analysis,  the  optimum  buffer  for  the  e-beam 
excited  XeF(351  nm)  laser  has  been  found  to  be  neon  [  1], 
[3],  while  helium  is  usually  used  when  discharge  excita¬ 
tion  is  employed  [4],  The  308  nm  XeCl  laser  uses  either 
neon  or  helium  as  the  buffer  [4],  [5],  while  the  KrF  (248 
nm)  laser  usually  uses  helium  when  excitation  is  provided 
by  a  discharge  [4]  and  argon  when  e-beam  excitation  is 
employed  [6],  [7].  Additionally,  the  best  performance 
from  the  broad-band  e-beam  excited  XeF(  C  -*  A )  laser 
(450-510  nm)  has  been  obtained  using  argon  as  the  single 
buffer  [8].  Recently,  investigations  have  been  carried  out 
focused  on  evaluation  of  the  merits  of  using  two  rare  gas 
components  to  form  the  buffer  gas  [9]-[12].  Notable  suc¬ 
cess  has  been  realized  using  an  Ar-Kr  combination  to  form 
the  high  pressure  buffer  for  an  e-beam  excited  XeF(  C  -* 
A)  laser  [11],  [12].  This  approach  has  resulted  in  a  dra¬ 
matic  improvement  in  the  net  gain  of  the  broad-band 
XeF(C  -*  A)  transition  centered  at  -480  nm.  Indeed, 
laser  pulse  energy  density  and  intrinsic  efficiency  values 
have  been  demonstrated  that  compare  very  favorably  with 
those  of  the  more  highly  developed  UV  RGH  B  -*  X  las¬ 
ers,  by  using  the  XeF(  C  -*  A )  medium  either  as  a  broad¬ 
band  oscillator  [  1 1],  or  as  a  wavelength  selectable  ampli¬ 
fier  [12].  In  addition,  use  of  Ar-Kr  buffer  gas  mixtures 
permits  relatively  efficient,  simultaneous  oscillation  of  the 
XeF  B  -*  X  and  C  -*  A  laser  transitions  [13].  Interpre¬ 
tation  of  these  results  led  to  the  conclusion  that  the  pri¬ 
mary  effect  of  Ar  and  Kr  in  combination  was  a  signifi¬ 
cantly  lower  level  of  transient  absorption  in  the  blue-green 
spectral  region  [11],  Herein  we  report  on  recent  work  sup¬ 
porting  this  conclusion,  along  with  evidence  of  additional 
factors  that  benefit  XeF( C  -»  A)  laser  performance,  in¬ 
cluding:  1)  faster  mixing  of  the  XeF  B  and  C  states,  2)  a 
contribution  to  the  net  gain  in  the  400-450  nm  region  due 
to  the  presence  of  a  high  concentration  of  the  Kr2F  exci¬ 
mer,  and  3)  a  large  increase  in  absorption  at  UV  wave¬ 
lengths,  also  due  to  Kr2F,  which  suppresses  oscillation  on 
the  competitive  XeF(fl  -*  X)  transition  and,  for  certain 
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conditions,  makes  possible  relatively  efficient,  simulta¬ 
neous  oscillation  of  the  XeF (B  -»  X)  and  XeF(C  -*  A) 
laser  transitions. 

The  details  of  the  experimental  arrangement  and  related 
diagnostics  used  in  this  investigation  are  described  in  Sec¬ 
tion  11.  In  Section  III  the  effect  of  Kr  as  an  additive  to 
reduce  transient  blue-green  absorption  is  treated.  Spec¬ 
troscopic  data  relevant  to  the  role  of  Ar-Kr  mixtures  on 
mixing  of  XeF(fi,  C).  and  on  the  influence  of  Kr2F  ki¬ 
netics  on  XeF(C  -*  A)  laser  performance  are  presented 
in  Section  IV,  while  a  discussion  of  conditions  for  which 
simultaneous  XeF  B  -*  X  and  C  -*  A  laser  oscillation  can 
be  obtained  is  presented  in  Section  V. 

II.  Experiment 

A.  Electron-Beam  and  Reaction  Cell 

The  overall  experimental  arrangement  used  in  this  in¬ 
vestigation  is  illustrated  in  Fig.  1.  A  Physics  International 
Pulserad  1 10  electron-beam  generator  was  used  to  trans¬ 
versely  excite  the  high  pressure  gas  mixtures  18],  [12]. 
The  electron  beam  energy  was  1  MeV  and  the  pump  pulse 
duration  was  10  ns  (FWHM),  producing  a  pump  energy 
density  of  -  135  J/l,  as  measured  by  a  calorimeter  and  a 
Faraday  cup  probe.  The  excited  region  was  the  cylindrical 
28  cm’  volume  defined  by  the  clear  aperture  (1 .9  cm  di¬ 
ameter)  and  the  pumped  length  (10  cm). 

The  stainless  steel  reaction  cell  was  well  passivated  by 
prolonged  exposure  to  F2  prior  to  any  experiments.  High 
purity  gas  mixtures  of  research  grade  Ar,  Xe,  Kr,  NF3, 
and  F:  were  used,  with  the  F2  in  a  10-90  F2-He  mixture. 
Good  mixing  of  the  gas  components  was  achieved  by  tur¬ 
bulent  flow  of  the  high  pressure  gas  components  into  the 
reaction  cell.  A  fresh  gas  mixture  was  used  for  each  shot, 
although  up  to  ten  shots  could  be  made  before  any  signif¬ 
icant  deterioration  of  the  mixture  was  observable. 

B.  Diagnostics 

The  temporal  evolution  of  the  fluorescence  and  the  laser 
output  were  monitored  by  a  fast  vacuum  photodiode  de¬ 
tector  [ITT-F4000(S5)].  Neutral  density  filters  were  used 
to  avoid  saturation  of  the  photodiode,  and  interference  and 
color  glass  filters  were  used  to  define  the  spectral  regions 
of  interest.  Signals  were  recorded  by  a  Tektronix  R  7912 
Transient  Digitizer.  The  time  resolution  of  the  entire  sys¬ 
tem  was  better  than  2  ns.  The  temporally-integrated, 
spectrally-resolved  fluorescence  was  recorded  by  an  op¬ 
tical-multichannel-analyzer  (OMA  III),  using  a  Jarrell- 
Ash  0.25  meter  spectrometer  having  a  spectral  resolution 
of  -0.3  nm.  Data  from  the  Transient  Digitizer  were  pro¬ 
cessed  using  a  PDP  1 1  /23  minicomputer.  The  OMA  III 
signals  were  recorded  by  an  IBM  PC-XT  computer. 

The  spectrometer  and  the  OMA  III  have  a  wavelength 
dependent  sensitivity.  In  order  to  account  for  this,  the 
spectral  sensitivity  of  the  system  was  determined  by  three 
different  methods  and  the  measured  spectra  were  appro¬ 
priately  corrected.  The  first  procedure  utilized  N2(C  -* 
B)  fluorescence  emission  lines  [14];  the  second  method 
used  a  Xe  flashlamp  with  a  known  spectral  intensity  dis- 


Forodoy  Coqe 

Fig.  t .  Schematic  illustration  of  the  experimental  apparatus  and  arrange¬ 
ment.  NDF  *  neutral  density  filter,  CF  =  color  glass  filter,  VPD  « 
vacuum  photo  diode,  and  OMA  =  optical  multichannel  analyzer. 

tribution  together  with  narrow  frame  interference  filters  to 
define  the  spectral  sensitivity  measurement  regions;  and 
the  third  utilized  an  Ar*  laser  with  known  power  at  each 
transition  line.  Using  these  techniques  the  wavelength  re¬ 
sponse  of  the  OMA  III  system  was  quantified  for  the  330- 
520  nm  spectral  region,  and  all  experimental  data  were 
corrected  to  account  for  the  spectral  response  of  the  de¬ 
tection  system. 

C.  Gain  /  Absorption  Measurement 
A  CW  Ar-ion  laser  was  used  to  measure  gain  at  several 
blue-green  wavelengths,  concentrating  on  the  -480  nm 
region  for  which  the  XeF( C  -*  A)  gain  is  a  maximum. 
Three  passes  of  the  probe  beam  through  the  cell  were  used 
in  order  to  maximize  the  signal-to-noise  ratio.  The  laser 
probe  signal  was  focused  on  a  Lasermetrics  3117  PIN 
diode  through  a  narrow-band  interference  filter,  a  color- 
glass  filter,  and  an  iris  located  10  m  from  the  User  cell. 
The  detector  was  located  inside  a  Faraday  cage  to  mini¬ 
mize  electrical  noise  pickup  and  stray  fluorescence.  A 
mechanical  shutter  was  used  to  produce  a  4  ms  laser  probe 
pulse  to  avoid  saturation  of  the  detector.  The  electron 
beam  pulse  was  synchronized  to  appear  in  the  middle  of 
the  laser  probe  pulse.  In  the  CW  mode,  the  detector  diode 
is  linear  with  input  power  for  output  currents  up  to  4  mA. 
However,  the  time  response  of  the  detector  for  currents 
above  2  mA  began  to  deteriorate.  Therefore,  the  detector 
current  was  always  maintained  below  2  mA,  for  which 
the  time  response  was  better  than  2  ns. 

III.  Absorption  in  the  Blue-Green  Spectral 
Region 

A.  Net  Gain  in  XeF( C  -*  A)  Laser  Mixtures 
In  order  to  compensate  for  a  stimulated  emission  cross 
section  [15]  having  a  peak  value  of  only  -  10' 17  cm2, 
intense  pumping  is  required  to  produce  adequate  gain  on 
the  XeF(C  -*  A)  transition,  a  circumstance  resulting  in 
very  high  concentrations  of  excited  and  ionized  species, 
many  of  which  absoib  at  the  laser  wavelength  [8].  Thus, 
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Fig.  2.  Temporal  evolution  of  the  e-beam  excited  XeF(C  -*  A )  net  gain 
profile  measured  at  488  nm  using  an  Ar-ion  probe  laser  for  mixtures 
comprised  of  6.5  atm  Ar.  16  torr  Xe.  8  torr  NF,  and  8  torr  F,.  (a),  and 
6.5  atm  Ar.  10  torr  Xe.  8  torr  NF,.  2  ton  F,  and  150  ton  Kr  (b). 

electrical  excitation  of  the  XeF( C  -*  A)  medium  is  usu¬ 
ally  characterized  by  a  period  of  strong  transient  absorp¬ 
tion  during  the  excitation  pulse,  followed  by  development 
of  net  gain  in  the  afterglow  regime  [8],  [1  lj.  Presented  in 
Fig.  2  is  the  measured  temporal  evolution  of  the  net  gain 
for  representative  e-beam  excited  mixtures  with  and  with¬ 
out  Kr,  vividly  illustrating  the  significant  reduction  in  the 
initial  absorption  occurring  during  the  excitation  pulse, 
and  the  increase  in  peak  gain  when  an  optimized  Ar-Kr 
buffer  mixture  is  used  [1 1 J.  The  results  of  Fig.  2  are  typ¬ 
ical  of  the  wavelength  region  between  460-510  nm  (12], 
and  are  found  to  be  relatively  insensitive  to  Kr  pressure 
for  values  in  the  0.1 -1.0  atm  range,  although  optimum 
gain  is  achieved  for  a  Kr  pressure  of  -0.5  atm. 

B.  The  Role  of  Kr 

])  Transient  Absorption  in  Laser  Mixtures:  Detailed 
modeling  [8]  of  XeF(  C  -*  A )  medium  properties  for  the 
mixture  of  Fig.  2  that  does  not  contain  Kr  provided  evi¬ 
dence  that  the  primary  absorbing  species  during  and  after 
the  e-beam  excitation  pulse  are  Ar3*,  Arj,  Ar*(4 p,  2d) 
and  Xe*  (6 p,  5 d),  with  the  latter  being  the  dominant  ab¬ 
sorber  and  one  having  a  particularly  slow  rate  of  decay. 
With  a  few  tenths  of  an  atmosphere  of  Kr  present  in  the 
mixture,  species  such  as  Ar3*  (and  its  precursor  Ar2* )  and 
Ar*  are  converted  to  Kr*  and  Kr*  on  a  nanosecond  time 
scale,  with  the  latter  atomic  species  apparently  replacing 
Ar-related  molecular  species  as  effective  XeF(B,  C)  pre¬ 
cursors.  That  is,  we  postulate  that  upon  addition  of  Kr 
certain  molecular  XeF(fl,  C)  precursors  that  exhibit 
broad-band  absorption  have  been  partially  replaced  by 
atomic  precursors  that  do  not.  Moreover,  Kr-related  mo¬ 
lecular  species  such  as  Kr2*  or  Kr*  that  might  also  be  ex¬ 
pected  to  contribute  to  broad-band  absorption  at  blue- 
green  wavelengths  are  formed  at  a  slow  rate  compared  to 
corresponding  Ar-related  species  since  the  Kr  pressure  is 
much  less  than  that  of  Ar.  Also,  heteronuclear  species 
such  as  ArKr*  or  ArKr*  are  produced  at  a  slow  rate  be¬ 
cause  their  three-body  formation  rate  coefficients  are  gen¬ 
erally  much  less  than  those  of  similar  homonuclear  spe¬ 
cies  [16].  For  these  reasons,  in  Ar-Kr  buffered  mixtures 


Fig.  3.  Temporal  evolution  of  the  absorption  measured  at  488  nm  in  6  atm 
Ar  and  in  a  mixture  comprised  of  6  atm  Ar  and  16  torr  Xe  (solid  lines). 
The  absorption  measured  for  the  same  conditions  but  with  ISO  torr  Kr 
added  to  each  mixture  is  also  shown  (dashed  lines). 

it  appears  that  the  role  of  molecular  absorbing  species  as 
XeF(B,  C)  precursors  is  reduced  compared  to  the  situa¬ 
tion  typical  of  Ar-buffered  mixtures,  and  that  the  rate  of 
decay  of  long  lived  absorbing  species  such  as  Xe*(6 p)  is 
increased. 

2)  Absorption  in  Ar  and  Ar~Xe  Mixtures:  The  above 
interpretation  is  supported  by  measurements  of  absorption 
in  Ar  and  Ar-Xe  mixtures  with  and  without  addition  of 
Kr.  Presented  in  Fig.  3  is  the  time  dependence  of  the  mea¬ 
sured  transient  absorption  in  such  mixtures  for  conditions 
otherwise  similar  to  those  of  Fig.  2.  In  this  illustrative  j 
example,  for  Ar  at  6  atm  the  peak  absorption  during  the 
e-beam  excitation  pulse  is  reduced  by  about  50  percent 
with  0.2  atm  Kr  added,  a  change  interpreted  as  due  to 
reduced  concentrations  of  Ar-related  molecular  absorbers 
as  described  above.  The  peak  absorption  occurring  during 
the  excitation  pulse  in  the  Ar-Xe  mixture  is  affected  only 
slightly  with  0.2  atm  Kr  added,  since  in  that  case  Xe  plays 
a  role  similar  to  that  of  Kr  as  regards  reduction  in  the 
concentration  of  Ar-related  molecular  species.  However, 
Fig.  3  shows  that  the  temporal  decay  of  the  absorption  in 
the  Ar-Xe  mixture  is  exceptionally  slow,  extending  far 
into  the  afterglow  region.  Modeling  [8]  has  shown  that 
the  absorption  in  that  case  is  due  almost  entirely  to  pho¬ 
toionization  of  Xe(6p )  states  for  which  there  is  no  effec¬ 
tive  loss  channel  with  Ar  as  the  buffer.  However,  with  Kr 
added  to  the  Ar-Xe  mixture  the  rate  of  absorption  decay 
in  the  afterglow  is  increased  significantly,  indicative  of 
the  presence  of  more  effective  Xe(6 p)  exit  channels  (8] 
with  Kr  in  the  mixture. 

3)  Quenching  and  Absorption  in  Kr-Containing  Mix¬ 
tures:  The  fact  that  an  Ar-Kr  buffer  mixture  results  in 
substantially  less  blue-green  absorption  than  use  of  Ar 
alone  suggests  simple  substitution  of  Kr  for  Ar  rather  than 
use  of  the  two  together.  In  order  to  explore  this  possibil¬ 
ity,  measurements  (11]  were  carried  out  using  Kr  as  the 
buffer  for  XeF(  C  -*  A )  laser  mixtures  at  pressures  such 
that  the  e-beam  energy  deposition  was  essentially  the  same 
as  for  the  mixtures  of  Fig.  2,  i.e.,  Kr  pressures  of  3-4 
atm.  For  these  tests  the  partial  pressure  of  each  mixture 
constituent  was  reoptimized,  a  very  important  factor,  yet 
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no  conditions  were  found  for  which  Kr-buffered  laser 
mixtures  performed  as  well  as  either  Ar  or  Ar-Kr  buffered 
mixtures  similar  to  those  of  Fig.  2.  Moreover,  examina¬ 
tion  of  the  fluorescence  and  laser  output  as  Kr  pressure  is 
increased  above  the  optimum  level  for  Kr-containing  mix¬ 
tures  provides  evidence  of  additional  XeF  quenching  and / 
or  blue-green  absorption  processes  not  observed  in  Ar 
buffered  mixtures.  Since  the  rate  coefficients  for  two  body 
quenching  of  XeFffl.  C)  by  either  Ar  or  Kr  are  small,  as 
is  the  three-body  coefficient  for  XeF  quenching  by  Ar 
[  17).  we  feel  that  the  most  probable  additional  quenching 
process  is  three-body  quenching  of  XeF(fl,  C)  by  Kr  with 
Ar  acting  as  the  third  body.  A  rate  coefficient  value 
5  10~’2  s' 'em6  for  the  reaction  XeF(fl,  C)  +  Kr  -t-  Ar 
-*  products  is  consistent  with  our  observations  and  with 
those  of  others  as  well  (18).  Additionally,  it  is  likely  that 
Kr-related  broad-band  absorbing  species  are  produced  at 
high  Kr  pressures.  Whether  the  observed  effects  are  due 
to  quenching,  absorption,  or  some  combination  of  the  two, 
use  of  Kr  as  the  sole  buffer  at  pressures  above  approxi¬ 
mately  one  atmosphere  apparently  introduces  processes 
which,  for  the  present  conditions,  offset  the  aforemen¬ 
tioned  advantages  of  reduced  blue-green  absorption  in 
Ar-Kr  buffered  mixtures.' 

IV.  Spectral  Analysis 

Although  the  primary  effect  of  an  XeF(  C  -»  A )  buffer 
gas  comprised  of  both  Ar  and  Kr  appears  to  be  a  reduction 
of  absorption  in  the  blue-green  region,  spectral  analysis 
of  laser  mixtures  has  revealed  other  beneficial  effects. 
Presented  in  Fig.  4  are  time-integrated  fluorescence  spec¬ 
tra  for  an  e-beam  excited  XeF( C  -»  A)  laser  mixture  for 
various  values  of  Kr  pressure.  Aside  from  the  expected 
appearance  of  the  248  nm  KrF(B  -*  X)  fluorescence,  ex¬ 
amination  of  Fig.  4(a)-(d)  reveals  other  interesting  fea¬ 
tures.  Upon  addition  of  50  Torr  Kr,  the  XeFffl  -*  X) 
fluorescence  decreases  significantly,  but  there  is  no  mea¬ 
surable  change  in  the  value  of  the  peak  XeF(  C  -*  A )  flu¬ 
orescence  near  480  nm.  Certainly,  Kr  addition  at  the  level 
indicated  changes  the  XeFffl.  C)  precursors  as  described 
previously,  and  introduces  the  possibility  of  additional 
loss  processes  as  well.  However,  for  an  Ar  pressure  of  6 
atm  the  XeF  B  and  C  states  are  collisionally  coupled  and 
therefore  their  populations  should  either  increase  or  de¬ 
crease  together  in  response  to  changes  in  XeF  formation 
or  loss  processes  due  to  the  presence  of  Kr.  One  expla¬ 
nation  for  the  decrease  and  then  leveling  off  of  the  time 
integrated  XeF(f?  -*  X)  fluorescence  as  Kr  is  added  (Fig. 
4(a)-(d))  is  enhanced  B-C  mixing.  Since  >95  percent  of 
the  XeF(£,  C)  population  is  in  the  C  state  for  the  condi- 

'J.  D.  Campbell.  C.  H.  Fisher,  and  R.  E.  Center.  Appl.  Phys.  Lett., 
vol.  37,  p.  348.  1980  The  authors  found  that  use  of  I  atm  Kr  instead  of  2 
atm  Ar  as  the  buffer  for  an  e-beam  excited  XeF(  C  —  A )  laser  resulted  in 
increased  laser  energy,  an  effect  attributed  to  a  lower  level  of  broad-band 
absorption  in  the  Kr-buffered  mixture.  However,  in  that  work  the  r-beam 
current  density  was  more  than  an  order  of  magnitude  less  than  that  of  the 
present  work,  and  the  duration  of  the  r-beam  pulse  was  about  two  an  orders 
of  magnitude  longer,  factors  resulting  in  medium  characteristics  very  dif¬ 
ferent  and  output  energy  levels  very  much  less  than  those  of  the  present 
investigation. 


Fig.  4.  Time  integrated  fluorescence  spectra  for  r-beam  excited  mixtures 
comprised  of  6  atm  Ar,  8  torr  Xe.  8  torr  NF,  and  I  torr  F2  (a),  and  the 
same  mixture  with  50  totT  Kr  added  (b),  200  ton-  Kr  (c),  and  400  torr  Kr 
(d).  All  spectra  were  corrected  for  the  response  of  the  detection  system 
as  described  in  the  text.  The  Ar2F  concentration  may  be  substantial  for 
certain  of  these  mixture  conditions.  However,  the  spectral  sensitivity  of 
the  detection  system  is  very  low  for  wavelengths  below  -  350  nm.  so 
that  the  intensity  of  the  broad-band  280  nm  Ar2F  fluorescence  is  on  the 
order  of  the  experimental  noise.  The  Ar2F  fluorescence  is  clearly  visible 
in  high  pressure  Ar/F2  mixtures  |I9]. 
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tions  of  Fig.  4,  faster  B-C  mixing  favoring  the  C  state 
would  be  observed  as  a  reduction  in  the  B  -*  X  fluores¬ 
cence  intensity,  with  the  XeF(C)  fluorescence  (popula¬ 
tion)  remaining  essentially  unchanged.  Krypton  is  known 
to  be  much  more  effective  than  Ar  in  driving  the  coupled 
XeF(B,  C)  manifolds  towards  equilibrium  {17],  and  com¬ 
parison  of  Fig.  4(a)  and  (b)  suggests  that  this  effect  of  Kr 
may  be  significant  even  for  an  Ar  pressure  of  6  atm  and 
an  Ar-Kr  ratio  of  —  100 :  1 . 

A.  Kr2F  Kinetics 

Fig.  4  also  shows  a  distinct  change  in  the  nature  of  the 
spectra  between  375  and  425  nm  as  the  Kr  pressure  is 
increased.  This  feature  is  not  caused  by  a  change  in  the 
XeF( C  A)  spectra  but,  rather,  results  from  the  gradual 
development  of  broadband  Kr2F  fluorescence  centered  at 
-400  nm  (19].  Presented  in  Fig.  5  are  spectra  for  con¬ 
ditions  similar  to  those  of  Fig.  4(c),  but  with  the  Xe  pres¬ 
sure  varied.  In  the  absence  of  Xe  the  Kr2F  fluorescence  is 
clearly  apparent  [Fig.  5(a)].  Indeed,  the  mixture  of  Fig. 
5(a)  is  essentially  the  same  as  that  found  to  be  optimum 
for  e-beam  excitation  of  the  Kr2F  laser  [20].  However, 
addition  of  as  little  as  1  torr  Xe  [Fig.  5(b)]  significantly 
alters  the  spectrum  with  the  appearance  of  both  351  nm 
XeF(fl  -*  X)  and  XeF(C  -*  A )  fluorescence,  the  latter 
overlapping  the  Kr2F  fluorescence  to  produce  a  nearly 
constant  spectral  intensity  extending  from  375-500  nm. 
The  significant  decrease  in  the  magnitude  of  the  Kr2F  flu¬ 
orescence  when  only  1  torr  of  Xe  is  added  reflects  the 
large  rate  coefficient  ( >  10“ 10  s-lcm3)  for  Kr2F  quench¬ 
ing  by  Xe  [21].  Nonetheless,  the  Kr2F  number  density  is 
comparable  to  that  of  XeF(  C)  for  optimum  XeF(  C  -*  A ) 
laser  conditions  [8],  -5  x  1015  cm-3.  Fig.  6  shows  the 
dependence  of  the  peak  Kr2F  population  on  Kr  pressure 
for  conditions  similar  to  those  of  Fig.  4,  estimated  on  the 
basis  of  fluorescence  data  and  assuming  a  200  ns  lifetime 
[19]  for  Kr2F. 

I)  Kr^F  Formation:  Very  recent  measurements  [22] 
have  shown  that  the  four-atomic  rare  gas-halide  exciplex 
Ar3F  is  stable  and  is  readily  formed  from  Ar2F  in  Ar-F2 
and  Ar-NFj  e-beam  excited  mixtures  at  pressures  5  1 
atm.  Since  the  binding  energy  of  Kr3+  is  somewhat  larger 
than  that  of  Ar^  (0.22  eV),  this  new  finding  suggests  that 
Kr}F  formation  may  have  an  important  bearing  on  the 
Kr2F  population  in  the  present  experiment.  Indeed,  we 
believe  that  the  leveling  off  of  the  Kr2F  number  density 
as  the  Kr  pressure  is  increased  above  -  100  torr  (Fig.  6) 
is  the  result  of  three-body  quenching  of  Kr2F,  probably 
resulting  in  the  formation  of  Kr3F.  The  trend  exhibited  by 
the  data  of  Fig.  6  is  consistent  with  a  rate  coefficient  of 
-  10-31  s_lcm6  for  the  reaction,  Kr2F  +  Kr  +  Ar  -*  Kr3F 
+  Ar.  Based  on  this  interpretation,  it  seems  likely  that 
Rg2X  RGyX  kinetics  may  play  a  significant  role  for 
conditions  typical  of  many  rare-gas  halide  lasers.  Addi¬ 
tionally,  it  appears  that  all  prior  measurements  of  RG2X 
rate  coefficients  „  lifetimes  and  other  phenomena  depen¬ 
dent  on  interpretation  of  RG2X  collision  processes  should 
be  reexamined  in  light  of  this  development. 


WAVELENGTH,  nm 


WAVELENGTH. nm 

Fig.  5.  Time-integrated  fluorescence  spectra  fora  mixture  comprised  of  6 
atm  Ar.  200  torr  Kr.  8  torr  NF,.  and  I  torr  F}  (a),  and  the  same  mixture 
with  I  torr  Xe  added  (b).  3  torr  Xe  (c).  and  8  torr  Xe  (d).  Note  that  the 
relative  intensities  of  the  B  —  X  KrF  and  XeF  fluorescence  should  be 
the  same  in  Fig.  4(c)  and  Fig.  5(d)  for  which  the  experimental  conditions 
are  the  same.  However,  the  calibration  correction  applied  to  the  OMA 
data  is  very  large  in  the  UV  so  that  the  absolute  KrF(fl  —  X)  intensity 
levels  of  Figs.  4  and  5  are  rather  uncertain. 
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Fig.  6.  Dependence  of  the  peak  Kr2F  population  on  Kr  pressure  estimated 
for  conditions  typical  of  those  of  Fig.  4. 


WAVELENGTH,  nm 

Fig.  7.  Time-integrated  fluorescence  spectra  for  the  conditions  of  Fig.  4(d) 
indicating  the  individual  contributions  of  Kr2F  and  XeF(  C  —  A  ). 

2)  Kr2F  Effect  on  Blue-Green  Gain:  Presented  in  Fig. 

7  is  an  enlarged  version  of  Fig.  4(d)  in  which  are  indi¬ 
cated  the  Kr2F  and  XeF(C  A)  contributions  to  the  time- 
integrated  fluorescence  in  the  300-600  nm  region.  The 
fact  that  the  XeF(  C)  and  Kr2F  populations  are  compara¬ 
ble  in  XeF( C  -*  A)  mixtures  containing  Kr  suggests  that 
Kr2F  may  be  making  a  contribution  to  the  gain  on  the 
short  wavelength  side  of  the  laser  spectrum.  However,  the 
broader  spectral  width,  longer  natural  lifetime,  and  shorter 
wavelength  of  Kr2F  compared  to  XeF( C  -*  A)  results  in 
a  stimulated  emission  cross  section  that  we  estimate  to  be 
only  -2.5  x  10-'8  cm2  at  its  peak  at  400  nm,  a  value 
approximately  one  fourth  that  of  the  XeF(  C  -*  A )  tran¬ 
sition.  Thus,  any  influence  of  Kr2F  on  the  gain  for  the 
wavelengths  5480  nm  must  be  quite  small. 

Other  factors  also  have  to  be  considered,  however.  Fig. 

8  presents  the  temporal  evolution  of  both  the  Kr2F  and 
XeF(C  A)  fluorescence  spectra,  showing  that  the  peak 
in  the  Kr2F  fluorescence  precedes  that  of  XeF(  C  -*  A )  by 
15-20  ns.  Therefore,  even  though  its  stimulated  emission 
cross  section  is  small,  a  large  Kr2F  population  favors  an 
earlier  buildup  of  gain  for  wavelengths  to  the  short  wave¬ 
length  side  of  the  XeF(C  A)  gain  maximum.  For  ex¬ 
ample,  based  on  the  data  of  Figs.  7  and  8  we  estimate  that 
the  Kr2F  contribution  to  the  peak  gain  at  —450  nm  could 
be  as  high  as  10  percent.  Such  an  effect  could  be  signifi¬ 
cant  when  the  C  -»  A  gain  medium  is  used  as  a  wave¬ 
length  tuned  amplifier  [12],  [23].  This  line  of  reasoning 
suggests  that  any  increase  in  die  gain  of  the  XeF(  C  -*  A ) 
laser  medium  due  to  the  presence  of  Kr2F  should  be  ob- 


Fig.  8.  Normalized  temporal  evolution  of  the  Kr2F  and  XeF(  C  -*  A )  flu¬ 
orescence  spectra  for  the  conditions  of  Fig.  4(d)  and  Fig.  7. 


Fig.  9.  Measured  laser  pulse  energy  density  for  the  simultaneously  occur¬ 
ring  B  —  X  and  C  —  A  XeF  excimer  transitions  in  an  e-beam  excited 
mixture  comprised  of  6.5  atm  Ar.  8  torr  Xe.  8  torr  NF,.  I  torr  F2,  and 
variable  Kr  pressure.  The  e-beam  energy  deposition  was  approximately 
135  J /I. 

servable  only  on  the  short  wavelength  side  of  the  laser 
spectrum.  In  fact,  comparison  of  free-running  laser  spec¬ 
tra  for  Ar  and  Ar-Kr  buffered  mixtures  shows  a  -  50  per¬ 
cent  greater  increase  in  the  XeF( C  -*  A)  laser  intensity 
around  470  nm  than  at  490  nm  when  Kr  is  added  [11]. 

V.  Simultaneous  UV/ Visible  Laser  Oscillation 

Although  more  than  95  percent  of  the  total  XeF (B,  C) 
population  resides  in  the  C  state  for  the  conditions  of  pri¬ 
mary  interest  to  us,  since  the  stimulated  emission  cross 
section  [1]  for  XeF(B  -*  X)  is  3-4  x  10~16  cm2,  the 
intense  pumping  required  to  produce  adequate  XeF(  C  -» 
A )  net  gain  usually  results  in  even  larger  transient  gain  at 
the  XeF(f?  -»  X)  351  nm  wavelength.  Thus,  even  though 
steps  can  be  taken  in  the  design  of  the  C  -*  A  cavity  to 
minimize  the  possibility  of  B  -*  X  oscillation,  the  B  -*  X 
gain  is  frequently  so  high  that  amplified  stimulated  emis¬ 
sion  of  the  fl  -  X  transition  occurs  thereby  depleting  the 
gain  on  the  desired  C  A  transition. 

In  earlier  work  [24]  we  took  advantage  of  this  charac¬ 
teristic  in  order  to  demonstrate  the  feasibility  of  simulta¬ 
neous  UV  /visible  laser  oscillation  on  both  the  B  -*  Xand 
C  -*  A  transitions  of  the  XeF  excimer.  However,  the  dual 
wavelength  cavity  used  was  far  from  optimum  so  that  very 
low  levels  of  laser  energy  and  efficiency  were  obtained. 
Recently  [13],  these  dual  wavelength  laser  experiments 
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were  repeated  with  two  important  differences:  1)  a  cavity 
optimized  for  laser  oscillation  at  351  nm  and  at  480  nm 
was  used,  and  2)  Kr  was  added  to  Ar  to  form  a  two  com¬ 
ponent  buffer  mixture  as  in  the  work  described  herein. 
The  cavity  was  comprised  of  a  mirror  having  nearly  total 
reflectivity  in  the  UV  and  blue-green  regions,  and  a  mul¬ 
tiple  coating  out-coupler  having  a  transmission  of  20  per¬ 
cent  at  -350  nm  and  10  percent  between  460  and  510 
nm.  Fig.  9  presents  the  measured  laser  pulse  energy  dens¬ 
ities  for  the  UV  and  blue-green  transitions  of  XeF  as  a 
function  of  Kr  pressure,  obtained  using  this  dual  wave¬ 
length  cavity  for  conditions  otherwise  similar  to  those  of 
Figs.  3-8.  With  no  Kr  in  the  mixture  and  using  a  C  -*  A 
cavity  alone,  previously  these  conditions  resulted  in  C  -» 
A  laser  pulses  having  an  energy  density  of  approximately 
1  J/l  [11].  However,  Fig.  9  shows  that  when  the  optim¬ 
ized  dual-wavelength  cavity  is  used,  no  C  -*  A  laser  os¬ 
cillation  is  observed  in  the  absence  of  Kr,  but  the  B  -*  X 
transition  oscillates  with  an  output  pulse  energy  density 
of  -  1  J/l,  a  relatively  high  energy  density  level  consid¬ 
ering  that  the  mixture  used  is  very  different  from  that 
found  to  be  optimum  for  the  XeF  (B  —  X )  laser,  [3], 
[25].  Addition  of  Kr  results  in  an  immediate  decrease  in 
b  —  X  output,  followed  by  simultaneous  oscillation  of  the 
UV  and  visible  transitions,  and  eventually  C  -*  A  oscil¬ 
lation  alone  for  Kr  pressures  above  ~  300  torr. 

A.  UV  Absorption 

The  decrease  in  B  —  X  laser  energy  (Fig.  9)  upon  ad¬ 
dition  of  Kr  is  the  result  of  a  reduction  in  the  XeF(B) 
population  relative  to  that  of  XeF(C)  as  discussed  pre¬ 
viously  [Fig.  4(a)-4(d)]  and,  perhaps  more  significantly, 
because  of  the  likelihood  of  a  strong  increase  in  absorp¬ 
tion  at  -351  nm  due  to  the  presence  of  Kr2F.  Calcula¬ 
tions  of  the  low-lying  states  of  Ar2F  and  Kr2F  have  shown 
that  the  presence  of  F~  has  a  negligible  effect  on  the  states 
of  At 2  and  Kr/,  respectively  [26],  For  this  reason,  the 
strong  near  UV  absorption  of  the  rare  gas  dimer  ions  [27] 
should  carry  over  directly  to  the  triatomic  rare  gas-hal¬ 
ides.  Since  the  dominant  absorption  of  Kr/  has  a  cross 
section  of  —4  x  10  17  cm2  at  the  351  nm  wavelength  of 
the  XeF(B  -♦  X)  transition  [27],  the  Kr2F  population  es¬ 
timates  of  Fig.  6  indicate  that  a  Kr  partial  pressure  as  low 
as  50  torr  is  likely  to  result  in  a  very  significant  Kr2F  con¬ 
tribution  to  absorption  at  351  nm.  We  feel  that  this  is  the 
primary  cause  of  the  decrease  in  XeF(  B  X)  laser  output 
as  Kr  is  added  (Fig.  9).  This  trend  continues  as  Kr  pres¬ 
sure  is  increased  and  for  Kr  pressures  above  about  150 
torr,  for  which  the  presence  of  Kr  results  in  a  reduction 
in  absorption  in  the  blue-green  region,  significant  laser 
output  is  obtained  from  the  C  -*  A  transition.  For  Kr  pres¬ 
sure  between  about  150-250  torr  combined  UV  /visible 
output  in  excess  of  0.5  J/l  is  obtained  using  the  cavity 
optimized  at  both  the  B  -*  X  and  C  -*  .  wavelengths, 
corresponding  to  an  intrinsic  efficiency  of  0.4  percent. 
However,  as  the  Kr  pressure  is  increased  above  -300 
torr,  for  which  optimum  C  -*  A  performance  has  been 
demonstrated  [1 1],  the  B  -»  X  output  decreases  to  a  very 


very  low  level.  For  this  condition  the  beneficial  influence 
of  Kr  on  C  -»  A  laser  performance  is  at  its  maximum, 
while  the  peak  absorption  at  351  nm  due  to  Kr2F  is  esti¬ 
mated  on  the  basis  of  the  Kr/  absorption  cross  section  to 
be  on  the  order  of  10  percent  cm-1.  In  view  of  the  fact 
that  the  cavity  used  for  this  demonstration  was  specifi¬ 
cally  designed  to  support  XeF(B  -*  X)  oscillation  (Fig. 
9),  we  interpret  these  results  as  evidence  that  the  two 
component  Ar-Kr  buffer  used  to  optimize  XeF(C  -*  A) 
laser  performance  alone,  when  used  with  C  -*  A  optics, 
significantly  reduces  the  possibility  of  competitive  oscil¬ 
lation  on  the  parasitic  B  —  X  transition,  a  particularly 
important  consideration  for  the  design  of  efficient  XeF(C 
-*  A )  lasers. 

VI.  Summary 

The  findings  of  this  investigation  show  that  use  of  Ar 
and  Kr  together  to  form  synthesized  rare  gas  buffer  prop¬ 
erties  results  in  unique  XeF(  C  -*  A )  laser  medium  char¬ 
acteristics  not  attainable  using  either  species  alone.  All 
aspects  of  the  medium  are  affected  by  the  two-component 
buffer,  including:  XeF(£,  C)  formation  and  quenching, 
B,  Cstate  vibrational  relaxation  and  mixing;  and  transient 
absorption  in  both  the  UV  and  blue-green  spectral  re¬ 
gions.  For  this  reason  use  of  two  rare  gas  components  to 
form  the  buffer  introduces  an  extra  element  of  flexibility 
and  control  as  regards  optimization  of  laser  medium  char¬ 
acteristics,  with  no  penalty  in  the  area  of  system  com¬ 
plexity.  Indeed,  e-beam  excited  XeF(C  A)  media  op¬ 
timized  on  the  basis  of  the  two-component  buffer 
described  herein  have  resulted  in  levels  of  blue-green  laser 
pulse  energy  density  and  intrinsic  efficiency  rivaling  those 
of  UV  RGH  lasers,  with  the  added  element  of  broad-band 
tunability  [11],  112],  [23]. 

Although  the  present  work  is  focused  on  e-beam  ex¬ 
cited  XeF(C  -*  A)  laser  media,  there  is  no  apparent  rea¬ 
son  why  other  RGH  lasers  using  either  e-beam  or  dis¬ 
charge  excitation  cannot  be  improved  by  increasing  the 
number  of  mixture  constituents  beyond  the  usual  three. 
Preliminary  evidence  supporting  this  conclusion  is  pro¬ 
vided  by  our  recent  demonstration  [28]  of  simultaneous 
laser  oscillation  on  the  KrF  (248  nm)  and  XeF(351)  RGH 
transitions  and  on  the  ArF(193  nm)  and  KrF  (248  nm) 
transitions  using  discharge  excitation  of  nonoptimized 
mixtures  comprised  of  He,  Kr,  Xe,  and  F2,  and  He,  Ar, 
Kr,  and  F2,  respectively.  In  that  work  XeF  B  -*  X  laser 
oscillation  at  351  and  KrF  oscillation  at  248  nm  were 
demonstrated  separately  at  pulse  energy  levels  only 
slightly  less  than  the  highest  obtainable  using  optimized 
three  component  mixtures  in  the  same  device.  Thus,  con¬ 
sidering  the  complexity  of  the  kinetics  of  these  systems 
and  the  fact  that  no  attempt  was  made  to  optimize  the  four 
component  mixtures,  there  is  reason  to  believe  that  the 
efficiency  of  UV  RGH  lasers  may  be  further  improved 
through  use  of  four  (or  more)  component  gas  mixtures 
once  optimum  mixtures  and  complementary  pumping  lev¬ 
els  and  cavity  properties  are  identified. 
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Abstract— Characteristics  of  an  injection-controlled  electron-beam 
pumped  XeF  ( C  —  A )  laser  have  been  investigated  with  emphasis  on 
efficient  wide-band  tuning  and  scaling  issues.  Using  a  quasi-CW  dye 
laser  as  an  injection  source,  data  were  obtained  that  describe  the  laser 
characteristics  over  a  wide  parameter  range.  A  high  Z  electron-beam 
backscattering  reflector  inside  the  laser  reaction  cell  improved  the  elec¬ 
tron-beam  energy  deposition  by  40  percent,  resulting  in  an  increase  of 
the  amplified  laser  output  by  more  than  a  factor  of  four.  Efficient  and 
continuous  wavelength  tuning  between  470  and  500  nm  has  been 
achieved  with  an  output  energy  density  of  - 1  J/l,  and  an  intrinsic 
efficiency  of  -  1  percent  throughout  the  entire  tuning  region. 

I.  Introduciton 

AN  efficient,  electrically  excited  high-power  laser  with 
wide-band  and  continuous  wavelength  tuning  char¬ 
acteristics  in  the  visible  spectral  region  is  a  desirable  op¬ 
tical  source  for  many  diverse  applications  ranging  from 
optical  communications  to  laser  spectroscopy.  The  XeF  ( C 
-*  A )  excimer  transition  exhibits  an  exceptionally  broad¬ 
band  fluorescence  spectrum  in  the  blue-green,  and  has  the 
potential  to  meet  such  laser  requirements.  Free-running 
stable  laser  oscillators  operating  on  the  XeF(C  -*  A) 
transition  typically  exhibit  a  broad  laser  spectrum  (  —  20 
nm,  FWHM)  centered  near  485  nm  [1],  Such  an  XeF  (C 
-*  A)  laser  has  also  been  tuned  from  about  450  to  510  nm 
with  a  spectral  width  on  the  order  of  a  few  nanometers, 
albeit  with  very  low  efficiency  [2]-[4].  More  recently,  ef¬ 
ficient  and  narrow  spectral  width  (0.001-0.01  nm)  op¬ 
eration  of  the  XeF (C  -*  A)  laser  has  been  achieved  for 
wavelengths  near  480  nm  by  using  injection-control  [5], 
(6].  In  that  work,  the  tuning  was  neither  continuous  nor 
efficient,  due  in  part  to  the  presence  of  transient  absorbing 
species  [7]  which  give  rise  to  broadband  absorption  and 
to  narrow  line  absorption  corresponding  to  transitions  in 
the  rare-gas  atoms.  The  very  high  saturation  intensity  (  > 
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106  W/cm2)  of  the  XeF  ( C  -*  A )  transition,  due  primarily 
to  its  small  stimulated  emission  cross  section  (~10-17 
cm2),  indicated,  however,  that  the  transient  absorption 
might  be  saturable  through  the  use  of  a  strong  injection 
photon  flux  [8]. 

Our  previous  work  [6]  was  hampered  by  a  limited  da¬ 
tabase  because  of  the  uncertainty  between  the  timing  of 
the  injection  laser  pulse  and  the  electron-beam  pulse,  each 
having  a  temporal  duration  of  approximately  10  ns,  a 
value  less  than  the  inherent  jitter  of  the  electron-beam 
generator  (  ~50  ns).  Also,  in  those  studies,  the  electron- 
beam  energy  deposition  in  the  laser  cell  was  kept  con¬ 
stant.  Thus,  the  relationship  among  excitation  rate,  small- 
signal  gain,  and  laser  output  was  not  completely  charac¬ 
terized.  It  is  important  that  these  relationships  be  under¬ 
stood  in  order  to  realize  higher  output  energy  levels  and/ 
or  higher  efficiency  through  system  scaling. 

This  paper  describes  the  following  new  experimental 
results:  1 )  injection  control  of  an  XeF  (C  -*  A)  laser  using 
a  long  pulse  quasi-CW  injection  source,  2)  efficient  and 
continuous  tuning  over  a  30  nm  wavelength  range,  3) 
scaling  of  the  injection-controlled  XeF  (C  -*  A)  laser  per¬ 
formance  with  pumping  power,  and  4)  initial  geometric 
scaling  of  the  XeF  ( C  -*  A )  laser. 

The  details  of  the  experimental  arrangement  and  related 
diagnostics  are  described  in  Section  II.  In  Section  III,  ex¬ 
perimental  results  are  presented  along  with  a  discussion 
of  prospects  for  further  improvement  in  XeF(C  -*  A) 
laser  performance. 

II.  Experiment 

A.  Electron-Beam  Excitation  System  and  Reaction  Cell 

The  experimental  setup  used  in  this  study  is  shown  in 
Fig.  1.  A  Physics  International  Pulserad  110  electron- 
beam  generator  was  used  to  transversely  excite  the  high- 
pressure  laser  gas  mixture  through  a  metal  foil.  The  elec¬ 
tron-beam  energy  was  1  MeV,  and  the  excitation  pulse 
duration  was  10  ns  (FWHM).  In  order  to  obtain  a  maxi¬ 
mum  foil  lifetime,  a  stainless  steel  wire  mesh  was 
mounted  as  an  anode  between  the  electron-beam  cathode 
and  the  foil.  The  electron-beam  cathode  length  used  for 
most  of  the  experiments  was  7.6  cm.  A  15.2  cm  long 
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Fig.  1.  Schematic  illustration  of  the  experimental  setup,  showing  the  un¬ 
stable  cavity  optics  inside  the  reaction  cell,  the  tunable  injection  laser, 
and  the  timing  and  data  acquisition  systems.  OMA:  optical  multichannel 
analyzer.  VPD:  vacuum  photodiode.  CF:  color  glass  filter,  NDF:  neutral 
density  filter,  BS:  beam  splitter,  M:  total  reflection  mirror. 


Fig.  2.  Schematic  representation  of  a  transverse  section  of  the  electron- 
beam  pumping  region  with  the  concentrator  in  place. 


cathode  was  used  in  order  to  investigate  the  scaling  of  the 
laser  output  with  increased  pumping  length.  To  vary  the 
electron-beam  excitation  level  of  the  laser  gas  mixture, 
various  foil  conditions  and  anode-cathode  spacing  values 
were  employed.  Typically,  a  50  /xm  nickel-plated  tita¬ 
nium  foil  was  used.  In  order  to  reduce  the  electron-beam 
energy  deposition,  a  50  fim  inconel  foil  was  also  em¬ 
ployed  in  some  of  the  experiments.  Due  to  the  higher 
atomic  number  of  inconel  compared  to  titanium,  the  scat¬ 
tering  angle  of  the  electrons  passing  through  the  foil  is 
increased,  resulting  in  a  reduced  energy  deposition. 
Therefore,  a  combination  of  foils  was  adopted  for  further 
reduction  of  the  energy  deposition.  It  is  possible  to  achieve 
a  40  percent  energy  reduction  with  an  inconel  foil,  and  a 
65  percent  energy  reduction  with  a  combination  of  both 
foils  compared  to  the  energy  deposition  value  obtained 
using  only  a  titanium  foil.  In  addition,  the  anode-cathode 
spacing  in  the  electron-beam  diode  could  be  changed  in 
order  to  vary  the  current  density  available  inside  the  laser 
cell. 

Improved  electron-beam  energy  deposition  was 
achieved  by  means  of  an  electron-beam  backscattering  re¬ 
flector  or  so-called  concentrator  [9].  The  concentrator  was 
made  of  lead  in  order  to  obtain  good  backscattering  of  the 
electron  beam.  Its  inner  shape  was  concentric  with  the 
cavity  optical  axis  surrounding  the  active  volume  as  illus¬ 
trated  in  Fig.  2.  To  avoid  chemical  reactions  between  lead 
and  fluorine,  the  concentrator  was  nickel  plated.  The 
thickness  of  the  nickel  plating  was  about  1  jxm,  which  is 
small  compared  to  the  typical  penetration  depth  of  1  MeV 
electrons  in  nickel  or  lead.  Therefore,  the  backscattering 
behavior  of  the  device  is  governed  by  the  high  atomic 
number  of  lead  and  not  by  the  surface  material. 

Current  density  values  on  the  optical  axis  (2.3  cm  from 
the  foil)  at  an  argon  pressure  of  6.5  atm  were  measured 
without  the  concentrator  using  a  Faraday  cup  probe.  The 
peak  current  density  varied  from  -  100  to  -  290  A/cm2, 
depending  upon  the  foil  material  and  the  anode-cathode 
spacing.  The  energy  deposition  into  the  laser  medium  with 
the  concentrator  in  place  was  measured  on  the  optical  axis 
using  chlorostyrene  film  [10].  The  deposition  value  was 
obtained  by  measuring  the  optical  density  of  the  irradiated 
film  with  an  He-Ne  laser.  The  dynamic  range  of  these 
films  extends  over  more  than  two  orders  of  magnitude. 

II- 


The  average  energy  deposition  density  over  the  active 
pumping  length  along  the  optical  axis,  estimated  to  be 
-  10  cm,  ranged  from  —  37  to  —  1 12  J/l,  depending  upon 
which  electron-beam  coupling  foil  was  used. 

High-purity  research  grade  laser  gases  (NF3,  He-10 
percent  F2,  Xe,  Kr,  and  Ar)  were  used  as  source  mate¬ 
rials.  The  typical  gas  composition  was  8  torr  NF3,  1  torr 
F2,  8  torr  Xe,  300  torr  Kr,  and  6.1  atm  Ar,  for  a  total 
pressure  of  —6.5  atm  [6],  [7],  [11].  Good  mixing  of  the 
different  gas  components  was  achieved  by  rapid  turbulent 
flow  as  each  high-pressure  gas  component  was  introduced 
into  the  reaction  cell.  Each  fresh  gas  mixture  could  be 
used  for  about  ten  shots  without  significant  degradation  of 
the  laser  performance.  Nickel  plating  of  the  concentrator 
and  the  titanium  foil  considerably  increased  the  lifetime 
of  the  laser  gas  mixture,  and  contributed  to  the  repro¬ 
ducibility  of  the  experiments.  This  will  be  of  particular 
importance  in  scaled  versions  of  this  laser  that  require  gas 
flow  systems.  The  stainless  steel  reaction  cell  and  the  con¬ 
centrator  were  well  passivated  by  prolonged  exposure  to 
fluorine  prior  to  any  experiments. 

B.  Injection-Control  System 

The  aforementioned  timing  uncertainty  in  earlier  ex¬ 
periments  between  the  injection  laser  pulse  and  firing  of 
the  electron  beam  was  eliminated  by  replacing  the  10  ns 
excimer-pumped  dye  laser  used  previously  [6],  with  a  long 
pulse  (250  ns)  coaxial  flashlamp-pumped  dye  laser.  A 
Phase-R  dye  laser  system  (DL-1200VT)  having  a  spectral 
width  of  -0.6  nm  was  used  as  the  injection  laser.  Oper¬ 
ated  with  an  LD490  dye,  the  system  can  deliver  an  output 
pulse  of  —  40  mJ  over  the  470-500  nm  wavelength  range, 
in  a  250  ns  pulse  (FWHM),  with  a  beam  diameter  of  2.6 
mm  and  beam  divergence  of  -  1.5  mrad.  The  long  pulse 
duration  of  this  laser  ensured  good  temporal  overlap  of 
the  injection  signal  and  electron-beam  firing.  A  1  m  focal 
length  plano-convex  lens  was  used  to  reduce  the  injection 
beam  diameter  from  2.6  to  1.5  mm  so  that  most  of  the 
available  dye  laser  pulse  energy  entered  the  unstable  res¬ 
onator  located  inside  the  reaction  cell  (Fig.  1).  A  beam 
splitter  on  the  injection  optical  axis  allowed  observation 
of  the  backreflected  beam  from  the  laser  cavity  using  a 
fast  vacuum  photodiode  detector  (Hamamatsu  R1193U- 
03).  Due  to  the  low  damage  threshold  of  the  optics  coat- 

65 


HAMADA  tt  at.:  PERFORMANCE  CHARACTERISTICS  OF  XeF(C  -  A)  LASER  SYSTEM 


1573 


ings  used  in  the  present  investigation,  the  energy  of  the 
injected  signal  was  limited  to  a  maximum  value  of  -  5  mJ 
( -0.3  J/cm2). 

C.  Diagnostics 

The  temporal  evolution  of  the  free-running  laser  (with¬ 
out  injection),  the  dye  laser  throughput,  and  the  injection- 
controlled  XeF(C  -*  A)  laser  output  were  monitored 
using  a  fast  vacuum  photodiode  detector  (ITT  F4000(S5)). 
Neutral  density  filters  were  used  to  avoid  saturation  of  the 
photodiode,  and  a  color  glass  filter  was  used  to  define  the 
spectral  region  of  interest.  Signals  were  recorded  by  a 
Tektronix  R7912AD  transient  digitizer.  The  time  resolu¬ 
tion  of  the  system  was  better  than  2  ns.  For  an  absolute 
energy  measurement,  this  system  was  calibrated  with  the 
dye  laser  and  a  pyroelectric  energy  detector  (Gentec  ED- 
200).  As  a  further  check  of  the  calibration  procedure,  the 
XeF  ( C  -*  A )  laser  output  energy  was  sometimes  directly 
measured  by  the  pyroelectric  energy  detector.  With  this 
system,  we  estimate  the  absolute  accuracy  of  the  mea¬ 
sured  laser  energy  to  be  ±20  percent. 

The  temporally  integrated,  spectrally  resolved  laser 
output  was  recorded  by  an  optical  multichannel  analyzer 
(OMAIII),  using  a  Jarrell-Ash  0.25  m  spectrometer  with 
a  spectral  resolution  of  about  0.45  nm.  The  temporal  re¬ 
lationship  of  the  dye  laser  and  electron-beam  pulse  was 
monitored  by  a  photodiode-storage  oscilloscope  combi¬ 
nation  (Fig.  1). 

D.  Cavity  Optics 

The  optical  cavity  used  in  this  study  was  a  positive- 
branch  confocal  unstable,  intracell  resonator,  consisting 
of  a  concave  end  mirror  with  an  injection  hole  of  1.5  mm 
diameter  and  a  coating  having  a  high  reflectivity  in  the 
blue-green  region,  and  a  convex  output  coupler  (Fig.  1). 
The  role  of  the  cavity  was  to  serve  as  a  beam  expanding 
telescope  for  a  regenerative  amplifier  [5],  [12].  The  mir¬ 
rors,  having  focal  length  of f2  and  — /,,  respectively,  were 
separated  by  a  distance  L  —  f2  -  f\.  The  cavity  lengths 
used,  L  =  12.5  cm  and  L  =  18  cm,  correspond  to  elec¬ 
tron-beam  cathode  lengths  of  7.6  and  15.2  cm,  respec¬ 
tively.  The  magnification  of  the  unstable  resonator  is 
given  by  M  =  fi/fi-  Various  cavities  were  examined  with 
magnifications  of  1.05,  1.08,  1.15,  and  1.23  for  the  12.5 
cm  long  cavity.  A  resonator  with  Af  =  1.15  yielded  op¬ 
timum  laser  output  energy  under  conditions  of  high  ex¬ 
citation  and  injection,  and  was  adopted  as  a  standard 
value.  The  output  coupler  was  a  meniscus  lens  of  zero 
refraction  power  having  a  highly  reflective  coating  spot 
on  the  convex  side  with  a  diameter  d  —  1 .4  cm  for  L  = 
12.5  cm  and  d  =  1 .5  cm  for  L  -  18  cm.  The  active  region 
was  a  cylindrical  volume  defined  by  the  electron-beam 
pumping  length  (  -  10  cm)  and  a  clear  aperture  having  a 
diameter  d  x  M,  i.e.,  -0.02  1  for  typical  operating  con¬ 
ditions. 

E.  Gain  Measurement 

The  experimental  arrangement  for  measuring  the  gain 
was  similar  to  that  shown  in  Fig.  1 .  However,  in  this  case. 


TIME,  nsec 
(•) 


(b) 

Fig.  3.  Temporal  evolution  of  the  transmitted  probe  laser  pulse  at  478.6 
nm  (a),  and  of  the  XeF(C  -*  A)  net  gain  profile  (b).  The  mixture  was 
comprised  of  8  to  it  NF,.  1  torr  F2,  8  torr  Xe,  300  torr  Kr,  and  6. 1  atm 
Ar,  and  the  average  energy  deposition  of  the  electron  beam  for  this  con¬ 
dition  was  95  J/l.  The  dashed  line  in  Fig.  3(a)  refers  to  the  transmitted 
probe  laser  when  the  electron  beam  is  not  fired. 

the  dye  laser  was  used  as  a  probe  laser.  The  laser  intensity 
was  attenuated  appropriately  for  small-signal  gain  mea¬ 
surement,  and  then  increased  in  order  to  investigate  gain 
saturation,  while  1  m  focal  length  lens  in  Fig.  1  was  taken 
out  to  avoid  early  gain  saturation.  The  probe  beam  di¬ 
ameter  at  the  cell  was  4  mm.  For  these  experiments,  the 
concave  end  minor  was  removed  and  the  output  coupler 
was  replaced  with  a  flat  total  reflector  creating  a  double 
path  for  the  probe  beam  through  the  cell.  The  temporal 
profile  of  the  backreflected  probe  laser  was  monitored 
using  the  fast  vacuum  photodiode. 

During  the  dye  laser  pulse  duration  (250  ns,  FWHM), 
gain  occurs  only  when  the  electron  beam  is  fired.  Fig. 
3(a)  shows  a  typical  temporal  profile  on  the  transmitted 
probe  laser  pulse  measured  with  this  arrangement,  indi¬ 
cating  a  superposition  of  a  portion  of  the  total  dye  laser 
pulse  and  the  laser  absorption/gain  characteristic.  In  order 
to  interpret  this  profile,  the  temporal  pulse  shape  of  the 
dye  laser  has  to  be  determined  as  shown  by  the  dashed 
line  in  Fig.  3(a).  By  taking  the  logarithm  of  the  ratio  of 
the  laser  pulse  with  and  without  gain  at  various  times,  and 
dividing  by  twice  the  electron-beam  pumping  length,  the 
temporal  gain  profile  was  obtained  as  shown  in  Fig.  3(b). 
Due  to  the  uncertainty  of  the  dashed  line  fitting  in  Fig. 
3(a),  the  value  of  Fig.  3(b)  has  an  uncertainty  of  —  ±0.2 
percent/cm.  Although  there  is  a  slight  uncertainty  in  the 
determination  of  the  temporal  pulse  shape  of  the  dye  laser, 
this  method  permits  flexible  gain  measurements  at  any 
wavelength  of  interest  and  at  any  intensity  level. 
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III.  Experimental  Results  and  Discussion 

A.  Electron-Beam  Energy  Deposition  and  Its  Effect 

In  order  to  study  the  effect  of  the  concentrator  on  elec¬ 
tron-beam  energy  deposition,  several  parameters  were  in¬ 
vestigated.  The  energy  deposited  into  the  laser  gas  mix¬ 
ture  was  determined  with  and  without  the  concentrator. 
Laser  gain  and  injection-controlled  laser  output  measure¬ 
ments  were  also  performed  with  and  without  the  concen¬ 
trator  in  place.  Fig.  4  shows  the  electron-beam  energy 
deposition  measured  using  overlapping  7.0  x  1.6  cm 
chlorostyrene  film  strips  [10].  Electron-beam  energy  dep¬ 
osition  in  the  cell  was  measured  on  the  optical  axis  for  an 
argon  pressure  of  6.5  atm.  This  figure  shows  that  the  elec¬ 
tron-beam  deposition  profile  is  not  uniform  along  the  op¬ 
tical  axis,  but  strongly  peaks  at  the  center  of  the  cell.  Due 
to  this  inhomogeneity,  the  electron-beam  energy  deposi¬ 
tion  in  the  optical  volume  must  be  averaged.  The  proce¬ 
dure  should  include  three-dimensional  averaging,  that  is, 
along  the  cavity  axis,  along  the  vertical  direction,  and 
along  the  horizontal  orientation  of  Fig.  2.  By  positioning 
the  film  strips  at  various  locations  in  the  active  volume, 
it  was  found  that  the  average  value  in  the  vertical  plane 
including  the  optical  axis  represents  the  average  energy 
deposition  over  the  total  volume.  Thus,  average  energy 
deposition  was  determined  in  this  manner. 

The  average  length  along  the  optical  axis  is  taken  to  be 
10  cm,  which  is  the  effective  aperture  length  defined  by 
the  spacing  between  the  cavity  mirror  holders.  Conse¬ 
quently,  the  gain  characteristic  shown  in  Fig.  3  is  the  spa¬ 
tially  averaged  profile  over  the  inhomogeneous  pumping 
length.  We  estimate  that  the  absolute  gain  coefficient  may 
have  a  relative  error  of  -  20  percent  due  to  the  uncertainty 
of  this  averaging  procedure.  Since  the  gain  is  a  nonlinear 
function  of  the  pumping  energy,  the  gain  spatial  distri¬ 
bution  will  be  different  from  that  shown  in  Fig.  4.  Indeed, 
both  experiments  and  modeling  show  that,  for  our  con¬ 
ditions ,  the  gain  saturates  for  pumping  densities  over  100 
J/l.  With  the  concentrator  in  position,  the  energy  depo¬ 
sition  in  the  center  of  the  cell  exceeds  100  J/l  (Fig.  4). 
Thus,  the  spatial  inhomogeneity  of  the  gain  profile  is  ex¬ 
pected  to  be  significantly  less  than  that  exhibited  by  the 
electron-beam  pumping  profile.  For  the  specific  condi¬ 
tions  of  Fig.  4,  the  average  energy  deposition  densities 
over  the  10  cm  pumping  length  with  and  without  the  con¬ 
centrator  were  95  and  68  J/l,  respectively. 

1)  Gain:  The  effect  of  the  concentrator  on  the  peak 
gain  (Fig.  3)  is  shown  in  Fig.  5  as  a  function  of  the  power 
density  of  the  probe  laser.  Gain  was  measured  on  the  op¬ 
tical  axis  at  a  wavelength  of  478.6  nm  for  which  the  gain 
is  close  to  its  maximum  value  [6].  The  error  bar  shown  in 
the  figure  refers  to  shot-to-shot  variations.  At  low  injected 
powers,  the  peak  gain  coefficient  is  about  3.0  and  3.4  per¬ 
cent/cm  without  and  with  the  concentrator,  respectively, 
decreasing  to  values  of  about  2.6  and  3.0  percent/cm  at 
higher  injection  powers.  These  data  show  an  increase  in 
peak  gain  of  only  -  15  percent,  corresponding  to  an  in- 


CAVITY  AXIS  DIRECTION  (OPTICAL  AXIS),  Cm 

Fig.  4.  Electron-beam  energy  deposition  spatial  profiles  on  the  optical  axis 
(2.3  cm  from  the  foil)  with  and  without  the  concentrator  for  an  argon 
pressure  of  6.5  atm.  The  electron-beam  cathode  length  was  7.6  cm,  and 
the  coupling  foil  was  50  jtm  titanium.  For  this  condition,  the  average 
energy  deposition  density  was  68  and  95  J/l,  without  and  with  the  con¬ 
centrator. 


INJECTED  LASER  POWER  DENSITY,  Wcnv2 

Fig.  5.  Comparison  of  peak  gain  with  and  without  the  concentrator  at  a 
wavelength  of  478.6  nm  for  a  mixture  comprised  of  8  torr  NF},  I  ton 
F2,  8  ton  Xc,  300  torr  Kr,  and  6.1  atm  Ar.  The  solid  line  refers  to  the 
peak  gain  with  the  concentrator  in  place,  corresponding  to  average  en¬ 
ergy  deposition  of  95  J/l,  while  the  dashed  line  corresponds  to  68  J/l 
(no  concentrator). 


crease  in  average  energy  deposition  from  68  to  95  J/l, 
i.e.,  -40  percent.  This  is  a  reflection  of  the  onset  of  the 
gain  saturation  as  the  energy  deposition  of  our  10  ns  pulse 
approaches  —  100  J/l.  Kinetic  modeling  indicates  that  this 
effect  is  due  primarily  to  electron  quenching  of  XeF  ( B, 
C),  which  becomes  more  important  as  the  electron-beam 
pumping  density,  and  therefore  the  electron  density,  in¬ 
creases  . 

2)  Laser  Output  Energy:  Fig.  6  shows  the  output  en¬ 
ergy  of  the  injection-controlled  XeF  ( C  -*  A )  laser  as  a 
function  of  the  injection  power.  Injection  input  was  de¬ 
fined  by  the  power  density  at  the  1.5  mm  diameter  hole 
of  the  concave  cavity  mirror.  Also  shown  for  comparison 
is  the  energy  injected  during  the  -10  ns  period  when  gain 
is  rising  (Fig.  3).  At  a  1  MW/cm2  dye  laser  input  level, 
the  output  energy  increased  by  a  factor  of  4  when  the  con¬ 
centrator  was  used,  a  reflection  of  the  higher  gain  (Fig. 
5).  At  the  lower  injection  energy,  the  increase  was  even 
greater  since  the  medium  was  not  saturated.  Since  the  ef¬ 
fect  of  the  concentrator  was  quite  dramatic,  resulting  in  a 
higher  energy  deposition,  higher  gain,  and  therefore  larger 
XeF(C  -*  A)  laser  output  energy,  the  concentrator  was 
utilized  in  all  of  the  experiments  reported  below. 
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Fig.  6.  XeF(C  -»  A )  output  energy  dependence  on  the  injected  dye  laser 
power  at  478.6  nm  with  the  concentrator  (solid  line)  and  without  the 
concentrator  (dashed  line)  using  a  cavity  magnification  value  of  M  = 
1.15. 


B.  Pump  Energy  Variation 

In  order  to  optimize  the  intrinsic  efficiency  and  absolute 
output  energy  of  the  laser,  the  relationship  between  the 
pumping  power  density  and  laser  output  must  be  under¬ 
stood.  In  order  to  study  this,  the  electron-beam  energy 
deposition  was  varied,  mainly  by  altering  the  composition 
of  the  coupling  foil  as  described  in  Section  II- A.  Gain  and 
laser  output  at  various  injection  energy  levels  were  then 
studied  as  a  function  of  pumping  energy.  Fig.  7  shows 
the  dependence  of  the  peak  gain  at  478.6  nm  on  electron- 
beam  energy  deposition  for  injection  power  densities  of 
3 50  W/cm2  and  350  kW /cm2,  the  latter  value  approxi¬ 
mately  10  percent  of  the  saturation  intensity.  This  figure 
shows  the  strong  dependence  of  the  peak  gain  on  pumping 
energy,  especially  for  the  lower  values  of  the  latter.  The 
peak  gain  tends  toward  saturation  at  the  higher  pumping 
level  as  was  discussed  previously. 

The  dependence  of  laser  output  and  intrinsic  efficiency 
on  the  electron-beam  pumping  level  for  a  dye  laser  power 
density  of  360  kW/cm2  (64  pi  in  10  ns)  is  shown  in  Fig. 
8.  For  these  conditions,  the  cavity  magnification  was 
1.15,  and  the  injection  wavelength  was  478.6  nm.  Fig,  8 
shows  typical  laser  amplification  characteristics.  Al¬ 
though  a  high  injection  power  density  is  applied,  there  is 
a  linear  relationship  between  pumping  power  and  laser 
output  for  low  pumping  powers,  which  saturates  at  higher 
pumping  levels  due  to  the  peak  gain  saturation  shown  in 
Fig.  7.  With  regard  to  the  intrinsic  efficiency  plotted  in 
the  figure,  the  spatially  averaged  excitation  level  of  -  90 
J/l  was  found  to  be  optimum. 

C.  Geometric  Scaling 

In  order  to  consider  system  scaling  to  achieve  higher 
energy  output,  it  is  also  important  to  understand  the  re¬ 
lationship  between  pumped  volume  and  laser  output.  For 
scaling  considerations,  it  is  of  particular  importance  to 
determine  whether  the  laser  output  scales  with  active 
length  and  what  is  the  optimum  length  for  an  XeF  ( C  -* 
A )  amplifier.  For  this  reason,  a  second  pumping  length 
was  selected  using  a  15.2  cm  long  electron-beam  cathode. 


SPATIALLY  averaged  electron  beam 

ENERGY  DEPOSITION.  Jt" 


Fig.  7.  Peak  gain  dependence  on  the  electron-beam  energy  deposition  at 
478.6  nm  for  injection  power  density  of  350  W/cm2  (solid  line,  440  nJ 
in  10  ns)  and  350  kW/cm2  (dashed  line.  440  fit  in  10  ns). 


SPATIALLY  AVERAGED  ELECTRON  BEAM  ENESY  DEPOSITION,  Jt’1 

Fig.  8.  Laser  output  and  intrinsic  efficiency  dependence  on  the  electron- 
beam  pumping  level  at  478.6  nm  using  a  cavity  magnification  value  of 
M  -  1.15.  Injected  laser  power  density  is  360  kW/cm2  (64  p]  in  10 
ns).  The  solid  line  shows  the  output  energy,  while  the  dashed  line  rep¬ 
resents  the  intrinsic  efficiency. 


The  effective  pumping  length  based  on  energy  deposition 
measurements  (Section  III-A)  was  found  to  be  17.5  cm, 
and  the  average  value  of  the  energy  deposition  was  37  J/l, 
which  was  the  same  as  the  lowest  pumping  level  obtained 
with  the  10  cm  pumping  length.  Increased  energy  depo¬ 
sition  at  this  longer  cathode  length  was  impossible  due  to 
electron-beam  machine  design  limitations.  Injection-con¬ 
trolled  laser  experiments  were  conducted  using  an  M  — 
1.15  cavity  as  a  function  of  injection  power  density  at 
478.6  nm  wavelength.  Fig.  9  depicts  the  comparison  of 
laser  output  characteristics  for  10  and  17.5  cm  pumping 
lengths  for  the  same  pumping  level.  The  results  are  plot¬ 
ted  in  terms  of  the  output  energy  densities  as  a  function 
of  the  injection  energy  level  in  order  to  make  a  consistent 
comparison.  Absolute  energy  outputs  are  also  shown  on 
the  right  side  scales  of  the  figure.  At  the  low  injection 
energies,  the  output  energy  density  is  almost  one  order  of 
magnitude  larger  for  the  17.5  cm  pumping  length,  reflect¬ 
ing  the  exponential  dependence  of  the  small-signal  am¬ 
plification  on  length,  whereas  output  energy  density  val¬ 
ues  approach  each  other  with  increasing  injection  power. 
This  result  indicates  that  with  increased  pumping  length. 
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Fig.  9.  Geometric  scaling  effect  for  a  same  electron-beam  pumping  level 
of  37  J/l;  the  injection  wavelength  was  478.6  nm  and  the  cavity  mag¬ 
nification  was  1.15.  The  solid  line  represents  the  laser  outputs  for  17.5 
cm  pumping  length,  while  the  dashed  line  corresponds  to  a  10  cm  pump¬ 
ing  length. 


the  output  energy  scales  with  the  pumping  length  even  for 
the  saturated  region.  The  relatively  low  output  energy 
density  value  in  the  saturated  region  is  simply  due  to  the 
low  electron-beam  pumping  level  (37  J/l). 


D.  Wavelength  Tuning 

An  investigation  of  wavelength  tuning  efficiency  was 
conducted  by  measuring  the  peak  gain  and  the  laser  output 
as  a  function  of  the  dye  laser  injection  intensities.  The 
electron-beam  cathode  length  and  the  cavity  length  were 
again  set  at  7  6  and  12.6  cm,  respectively,  for  these 
experiments.  The  specific  injection  wavelengths  were 
chosen  to  correspond  to  either  the  gain  maxima  or  the  ab¬ 
sorption  valleys  that  are  always  apparent  in  the  free-run¬ 
ning  XeF(C  ~*A)  laser  spectrum  as  shown  in  Fig.  10. 
The  shape  of  the  free-running  laser  spectrum  is  governed 
by  the  coating  bandwidth  of  the  cavity  mirrors  used  in  this 
investigation  (470-500  nm),  by  wide-band  absorption  due 
primarily  to  photoionization  of  excited  Xe  atoms  [1],  and 
by  discrete  narrow-band  absorption  which  is  due  mainly 
to  phototransitions  of  Xe,  Ar,  and  Kr  excited  atoms  [1], 
[13].  Because  of  the  bandwidth  limitation  of  the  cavity 
optics  coatings,  the  tuning  range  of  the  injection  dye  laser 
was  restricted  to  wavelengths  between  470  and  500  nm, 
a  region  where  the  gain  is  relatively  insensitive  to  wave¬ 
length  [6],  except  for  specific  wavelengths  at  which  dis¬ 
crete  absorption  occurs. 

1)  Gain:  Gain  measurements  were  performed  at  two 
maxima  and  two  valley  wavelengths  as  a  function  of  the 
probe  beam  intensity  as  shown  in  Fig.  11.  The  spatially 
averaged  electron-beam  pumping  density  was  95  J/l. 
Wavelengths  of  478.6  and  486.8  nm  correspond  to  the 
gain  maxima  positions,  whereas  those  of  481.2  and  483.5 
nm  are  valley  positions  (Fig.  10).  Fig.  1 1  shows  that  with 
increasing  injection  power,  the  gain  at  the  wavelength 
maximum  locations  decreases,  whereas  in  the  valley  po¬ 
sitions,  the  gain  actually  increases.  As  previously  dis¬ 
cussed,  the  measured  gain  is  an  average  over  a  very  in¬ 
homogeneous  pumping  power  distribution  (Fig.  4); 
therefore,  these  data  have  primarily  qualitative  signifi¬ 
cance.  The  decrease  of  the  gain  at  478.6  and  486.8  nm  as 


Fig.  10.  Free-running  XeF(  C  -*  A)  laser  spectrum.  Specific  wavelengths 
for  the  tuning  experiments  are  indicated. 


INJECTED  LASER  POWER  DENSITY,  Wcm-* 

Fig.  11.  Peak  gain  dependence  on  injected  power  density  of  the  probe  laser 
beam  at  various  discrete  wavelengths  (Fig.  10);  the  electron-beam  pump¬ 
ing  energy  was  95  J/l. 


the  injected  power  increases  is  most  likely  due  to  satura¬ 
tion  of  the  gain  over  at  least  a  portion  of  the  gain  length. 
At  the  481 .2  and  483.5  nm  valleys  where  discrete  absorp¬ 
tion  dominates,  the  increase  in  gain  as  the  injected  power 
increases  suggests  that  absorber  bleaching  becomes  im¬ 
portant  before  the  gain  saturates. 

2)  Laser  Energy:  Presented  in  Fig.  12  are  measured 
output  energy  characteristics  as  a  function  of  wavelength 
for  injection  power  density  values  of  430  W/cm2  (76  nJ 
in  10  ns)  and  360  kW/cm2  (64  /J  in  10  ns).  The  spatially 
averaged  electron-beam  pumping  level  was  1 12  J/l.  Each 
figure  shows  the  superposition  of  the  spectra  of  several 
separate  injection-controlled  laser  shots.  The  line  widths 
of  the  measured  laser  spectra  were  identical  to  those  of 
the  injected  dye  laser  as  previously  reported  [6].  Each 
spectrum  shows  relatively  broad  line  width  (0.75  nm). 
This  is  due  to  the  convolution  of  the  orginal  dye  laser  line 
width  (  —0.6  nm )  and  the  spectral  resolution  of  the  mea¬ 
suring  system  ( -0.45  nm). 

When  a  comparatively  small  power  of  430  W/cm2  was 
injected,  the  laser  operated  in  the  unsaturated  region  where 
the  peak  gain  is  high  at  gain  maxima  wavelength  values 
and  low  at  valley  positions.  Thus,  the  tuning  data  of  Fig. 
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Fig  12.  Amplified  XeF(C  -»  A)  laser  output  for  various  injection  laser 
wavelengths  and  injection  power  densities  of  (a)  430  W/cmJ  (76  nj  in 
10  ns),  and  (b)  360  kW/cm2  (64  /U  in  10  ns). 


12(a)  exhibit  characteristics  qualitatively  similar  to  those 
of  the  free-running  spectrum.  However,  when  a  relatively 
high  power  was  injected,  360  kW/cm2,  the  tuned  output 
shows  a  very  significant  change  as  depicted  in  Fig.  12(b). 
At  the  higher  injection  power  level,  the  valleys  become 
very  much  less  pronounced,  i.e,  the  wavelength  tuning 
curve  becomes  flatter.  This  is  apparently  due  to  the 
bleaching  of  the  absorbers  which  is  in  agreement  with  the 
gain  measurements  of  Fig.  1 1 .  In  fact,  for  low  power  in¬ 
jection,  the  output  energy  variation  over  a  30  nm  region 
was  a  factor  of  10.  However,  only  a  factor  of  2  variation 
was  observed  with  higher  power  injection. 

For  the  conditions  of  Fig.  12(b),  the  minimum  mea¬ 
sured  energy  output  of  14  mJ  at  470. 1  nm  corresponds  to 
an  output  energy  density  of  0.7  J/l,  and  an  intrinsic  effi¬ 
ciency  of  0.6  percent,  while  the  maximum  measured  en¬ 
ergy  output  of  26  mJ  at  486.8  nm  corresponds  to  1.3  J/l 
and  1.15  percent,  respectively.  It  should  be  emphasized 
that  these  values  refer  to  an  injection  power  density  of  360 
kW/cm2,  and  are  not  maximum  values.  When  1.1 
MW/cm2  was  injected  at  a  wavelength  of  486.8  nm, 
which  exhibited  the  maximum  output  at  360  kW/cm2,  an 
output  energy  of  33  mJ  was  obtained  corresponding  to  an 
energy  density  of  1 .6  J/l  and  an  intrinsic  efficiency  of  1 .5 
percent. 

IV.  Summary 

The  results  of  this  investigation  provide  encouraging 
evidence  that  the  electrically  excited  XeF(C  -M)  me¬ 


dium  has  significant  potential  for  the  development  of  an 
efficient  optical  source  that  is  continuously  tunable 
throughout  most  of  the  blue-green  spectral  region.  In  ad¬ 
dition,  they  provide  the  criteria  for  the  efficient  operation 
of  this  laser  as  a  high-power  excimer  laser.  Geometrical 
scaling  confirms  that  the  output  energy  scales  with  the 
pumping  length. 

Although  relatively  efficient  ( -  1  percent)  tuning  has 
been  demonstrated  for  wavelengths  between  470  and  500 
nm,  XeF  ( C  -*■  A )  amplifier  performance  has  been  limited 
in  the  present  investigation  by  the  combination  of  a  rela¬ 
tively  low  damage  threshold  and  the  bandwidth  of  the 
cavity  mirror  coatings,  a  short  active  length  (  ~  10  cm), 
and  an  undesirably  low  value  of  cavity  magnification  (M 
=  1.15)  which  was  required  to  compensate  for  the  short 
active  length  and  low  stimulated  emission  cross  section. 
However,  it  is  clear  that  these  factors  are  not  fundamental 
limitations.  For  example,  the  present  damage  threshold  of 
~0.3  J/cm2  is  far  below  the  current  state  of  the  art  (few 
J/cm2)  even  if  the  cavity  optics  are  exposed  to  fluorine- 
containing  gas  mixtures.  Considering  the  relatively  high 
gain  and  the  absorber  bleaching  effect  at  the  absorption 
valleys,  significant  improvement  in  laser  performance 
throughout  the  entire  blue-green  region  (  —450-520  nm) 
should  be  possible  by  realizing  improved  resonator  optics 
and  by  scaling  of  the  laser  medium  excitation  volume, 
assisted  by  magnetic  field  electron-beam  confinement. 
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Abstract— Efficient,  ultra-narrow  spectral  output  from  an  electron- 
beam  excited  XeF(C  —  A)  laser  medium  has  been  achieved  by  injec¬ 
tion-controlled  tuning.  Using  a  pulsed  dye  laser  as  the  injection  source, 
amplified  output  pulses  tunable  between  435  and  535  nm  and  having  a 
spectral  width  of  0.001  nm  were  obtained.  For  a  482.5  nm  injection 
wavelength  that  is  well  matched  to  the  XeF(C  —  A)  gain  maximum, 
output  energy  density  and  intrinsic  efficiency  values  of  approximately 
8  J/l  and  6  percent  were  achieved. 

I.  Introduction 

HE  XeF(C  -+  A)  excimer  transition  is  unique  among 
those  of  the  rare  gas  halide  class  because  of  its  blue- 
green  wavelength  and  exceptionally  broad-band  fluores¬ 
cence  spectrum.  Free  running  laser  oscillators  operating 
on  the  XeF(<T  -»  A)  transition  typically  exhibit  broad  laser 
spectra  (-20  nm)  centered  near  485  nm  [1],  The  XeF(C 
-*  A)  laser  has  also  been  wavelength  tuned  from  about 
450  to  5 10  nm  with  a  spectral  width  on  the  order  of  a  few 
nanometers,  albeit  with  very  low  efficiency  [2]-[4],  How¬ 
ever,  recent  developments  indicate  that  the  electrically 
excited  XeF(C  -*  A)  medium  has  considerable  potential 
for  development  as  an  efficient  optical  source  that  is  tun¬ 
able  throughout  the  entire  blue-green  region  of  the  spec¬ 
trum. 

This  conclusion  is  based  primarily  on  three  factors.  1) 
Short-pulse,  high-energy  electron  beam  (e  beam)  excita¬ 
tion  of  multicomponent  mixtures  tailored  specifically  to 
minimize  transient  absorption  has  resulted  in  a  broad¬ 
band,  free-running  laser  oscillator  output  having  energy 
density  and  efficiency  values  comparable  to  those  of  the 
UV  XeF (B  -»  X)  transition  (1],  [5].  2)  Using  the  same 
medium  as  an  amplifier,  a  482.5  nm  output  pulse  having 
a  spectral  width  of  only  0.01  nm  was  obtained  using  dye 
laser  injection  control  (6].  Moreover,  the  narrowed  spec¬ 
tral  output  was  obtained  at  energy  density  and  intrinsic 
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efficiency  levels  of  approximately  3  J/l  and  -  2.5  percent, 
respectively.  3)  Our  recent  measurements  have  shown  that 
the  e-beam  excited  XeF(C  -*  A)  medium  exhibits  rela¬ 
tively  high  peak  gain  (>2  percent  •  cm"1)  throughout  the 
entire  450-515  nm  wavelength  region,  indicating  that  ef¬ 
ficient  tuning  over  a  broad  spectral  range  should  be  pos¬ 
sible.  In  this  paper,  we  report  on  our  first  efforts  to  capi¬ 
talize  on  these  characteristics  by  injection  control  of  an 
XeF(C  -»  A)  amplifier.  The  injection  source  used  was  a 
dye  laser  tunable  throughout  the  entire  blue-green  region 
and  having  a  spectral  width  of  only  0.001  nm.  Injection 
of  the  dye  laser  pulse  through  a  small  hole  in  one  mirror 
of  an  unstable  resonator  served  to  rapidly  expand  the  seed 
beam,  ensuring  efficient  use  of  the  active  volume  [6],  (7). 
This  technique  has  resulted  in  amplified  output  pulses  that 
preserve  the  spectral  width  of  the  injected  pulse,  with  en¬ 
ergy  densities  exceeding  0.2  J/l  throughout  the  entire  459- 
505  nm  region.  For  an  injection  wavelength  of  482.5  nm, 
a  wavelength  coinciding  with  the  region  of  maximum 
gain,  output  pulses  corresponding  to  an  extraction  energy 
density  of  approximately  8  J/l  were  demonstrated,  indic¬ 
ative  of  an  intrinsic  efficiency  of  about  6  percent. 

The  details  of  the  experimental  arrangement  and  related 
diagnostics  are  described  in  Section  II.  In  Section  III,  the 
factors  affecting  the  net  gain  are  summarized  with  partic¬ 
ular  emphasis  on  the  importance  of  Kr  addition  to  the  laser 
mixture.  Experimental  results  are  presented  in  Section  IV, 
along  with  a  discussion  of  prospects  for  further  improve¬ 
ment  in  XeF(C  A)  laser  performance. 

II.  Experiment 

A.  Electron  Beam  System  and  Reaction  Cell 

The  experimental  apparatus  used  in  this  work  is  illus¬ 
trated  in  Fig.  I.  A  Physics  International  Pulserad  110 
electron  beam  generator  was  used  to  transversely  excite 
high-pressure  gas  mixtures.  In  order  to  obtain  a  uniform 
e-beam  distribution  and  to  increase  the  lifetime  of  the  foil 
separating  the  low-  and  high-pressure  regions  of  the  cell, 
a  stainless  steel  wire  mesh  was  mounted  between  the 
e-beam  cathode  and  the  foil.  The  electron  beam  energy 
was  1  MeV,  and  the  excitation  pulse  duration  was  10  ns 
(FWHM),  producing  a  pump  energy  density  of  ~135 
J/l,  as  measured  by  a  calorimeter  and  Faraday  cup  probe. 

The  stainless  steel  reaction  cell  was  carefully  passi- 
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Fig.  1.  Schematic  illustration  of  the  experimental  apparatus,  showing  in 
particular  the  unstable  cavit)  optics  inside  the  reaction  cell,  the  tunable 
injection  laser  source,  and  the  timing  and  data  acquisition  systems.  OMA 
=  optical  multichannel  analyzer.  VPD  =  vacuum  photodiode.  CF  = 
color  glass  filter.  NDF  =  neutral  density  filter. 

vated  by  prolonged  exposure  to  F;.  High-purity  gas  mix¬ 
tures  comprised  of  NF3,  F2,  Xe,  Kr,  and  Ar  were  used 
[I],  [5],  [6],  Good  gas  mixing  of  the  components  was 
found  to  be  essential,  and  was  obtained  using  turbulent 
flow  of  the  high-pressure  gas  components  into  the  reaction 
cell.  Each  fresh  gas  mixture  could  be  used  for  about  ten 
shots  before  performance  degradation  became  significant. 

B  Injection  Control  System 

An  excimer-pumped  dye  laser  system  (Lambda  Physik 
Model  EMG  101E/FL2002)  having  a  bandwidth  of  ~5 
x  10" 3  nm  was  used  to  provide  injection  control  (6).  Use 
of  an  intracavity  etalon  resulted  in  significant  additional 
bandwidth  reduction  to  9  x  10"4  nm.  This  seed  oscillator 
delivered  an  output  of  up  to  8  mJ  in  a  10  ns  pulse 
(FWHM),  tunable  from  430  to  550  nm  using  Coumarin 
dyes  2.  102,  and  307.  A  telescope  was  used  to  reduce  the 
injection  beam  diameter  so  that  most  of  the  available  dye 
laser  pulse  energy  entered  the  unstable  cavity  of  the 
e-beam  pumped  cell  (Fig.  1).  Due  to  the  loss  of  dye  laser 
energy  caused  by  the  beam-forming  optics,  the  maximum 
injected  energy  was  limited  to  -  1.5  mJ  in  these  experi¬ 
ments. 

The  temporal  evolution  of  the  free-running  laser,  the 
dye  laser,  and  the  injection-controlled  XeF(C  -*  A)  laser 
output  were  monitored  by  a  fast  vacuum  photodiode  de¬ 
tector  [ITT-F4000  (S5)].  Neutral  density  filters  were  used 
to  avoid  saturation  of  the  photodiode,  and  color  glasses 
were  used  to  define  the  spectral  region  of  interest.  Signals 
were  recorded  by  a  Tektronix  R7912  transient  digitizer. 
The  time  resolution  of  the  entire  system  was  better  than  2 
ns.  The  temporally  integrated,  spectrally  resolved  laser 
signal  was  recorded  by  an  optical  multichannel  analyzer 
(OMA  III),  using  a  Jarrell-Ash  0.25  m  spectrometer  hav¬ 
ing  a  spectral  resolution  of  about  0.3  nm.  Additionally, 
the  temporal  relationship  of  the  dye  laser  and  e-beam  pulse 
was  monitored  by  a  storage  oscilloscope.  The  timing  re¬ 
lationship  between  the  dye  laser  and  e  beam  was  adjusted 
by  timing  circuits  so  that  the  volume-filling  pass  of  the 
injected  dye  laser  pulse  overlapped  the  rise  of  the  XeF(C 
—  A)  temporal  gain  profile. 

II- 
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Fig  2  Schematic  illustration  of  the  experimental  arrangement  used  for  the 
measurement  of  bandwidth  DS  =  diffusing  screen. 

C.  Cavity  Optics 

The  optical  cavity  used  in  these  studies  was  a  positive- 
branch  confocal  unstable,  intracell  resonator,  consisting 
of  a  concave  end  mirror  with  an  injection  hole  of  1 .5  mm 
diameter  and  a  coating  having  a  high  reflectivity  in  the 
blue-green  region,  and  a  convex  output  coupler  (Fig.  1). 
The  mirrors,  having  focal  lengths  of  /2  and  — /,,  respec¬ 
tively,  were  separated  by  a  distance  L  =  f2  -  /, ,  typically 
about  12  cm  for  our  conditions,  with  the  magnification 
given  by  the  relation  M  =  The  ouput  coupler  was  a 
meniscus  lens  of  zero  refraction  power  having  a  highly 
reflective  coated  spot  on  the  convex  side  with  a  diameter 
d  of  1.4  cm.  With  this  arrangement,  the  output  coupler 
could  be  placed  in  a  conventional  mirror  holder  and 
aligned  externally.  The  active  region  was  a  cylindrical 
volume  defined  by  the  e-beam  pumping  length  (10  cm) 
and  the  clear  aperture  having  a  diameter  d  x  M  cm. 

Because  the  out  coupling  of  the  unstable  cavities  used 
was  substantially  greater  than  the  value  found  to  be  opti¬ 
mum  for  a  stable  cavity  (~5  percent),  and  since  the  in¬ 
jection  hole  also  constitutes  a  large  loss,  significant  self¬ 
oscillation  (injected  or  not)  was  not  possible  for  our  con¬ 
ditions.  Rather,  in  the  present  experiment,  the  role  of  the 
cavity  was  to  serve  as  a  beam-expanding  telescope  of  a 
regenerative  amplifier  [6],  [7].  Various  cavities  were  ex¬ 
amined  having  magnifications  of  1.05,  1.08,  1.14,  and 
1.23,  respectively.  Although  such  small  values  of  mag¬ 
nification  result  in  a  considerable  sensitivity  to  alignment 
[8],  they  provide  the  long  amplification  path  (several 
hundred  cm)  required  for  efficient  use  of  the  XeF(C  -♦  A) 
gain  medium. 

D.  Bandwidth  Measurement 

In  order  to  determine  the  spectral  width  of  the  dye  laser 
injection  pulse  and  of  the  amplified  output  pulse,  a  Fabry- 
Perot  monitor  etalon  with  adjustable  spacing  was  used  as 
illustrated  in  Fig.  2.  Part  of  the  amplified  output  was  fo¬ 
cused  on  a  diffusing  screen  (DS)  which  served  to  homo¬ 
geneously  illuminate  an  air-gap  etalon  of  adjustable  spac¬ 
ing.  By  means  of  a  long-focal-length  lens  (L,  =  80  cm), 
a  section  of  the  emerging  fringe  pattern  was  imaged  onto 
the  entrance  window  of  the  OMA  vidicon.  Fig.  3  shows 
an  example  of  a  typical  plot  of  an  OMA  III  spectrum. 
Fine  alignment  of  the  setup  was  performed  using  the  488 
nm  line  of  a  collinear  Ar-ion  laser,  and  after  removal  of 
the  attenuators,  with  the  throughput  of  the  tunable  dye 
laser  radiation  itself.  By  throughput,  we  mean  the  output 
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Fig.  3.  Fabry-Perot  elalon  lnterferogram  of  a  typical  amplified  output  as 
observed  using  the  OMA  III  vidicon. 

of  the  injected  dye  laser  signal  after  multiple  reflections 
through  the  unstable  resonator  in  the  absence  of  e-beam 
pumping. 

Using  a  free  spectral  range  (FSR)  of  0.5  cm'1,  the  ul¬ 
timate  resolving  power  of  the  entire  arrangement  for  line- 
width  measurements  was  0.01  cm-1  or  0.00024  nm  at  a 
wavelength  of  485  nm.  This  resolution  conveniently  al¬ 
lowed  a  determination  of  the  Iinewidth  of  the  injected  dye 
laser  radiation:  0.2  cm-1  (grating  tuned)  or  0.04  cm-1 
(grating  tuned  +  intracavity  etalon  of  1  cm'1  FSR).  Using 
this  procedure,  the  e-beam  pumped  multipass  amplifier 
output  was  found  to  have  essentially  the  same  spectral 
width  as  that  of  the  injected  dye  laser  pulse. 

III.  Temporal  Gain  Profile 

Short-pulse,  high-energy  e-beam  excitation  of  the 
XeF(C  -*  A)  medium  is  characterized  by  a  period  of 
strong  transient  absorption  during  the  excitation  pulse, 
followed  by  the  development  of  net  gain  in  the  afterglow 
regime  [1],  [5],  In  early  work,  the  combination  of  a  rel¬ 
atively  short  gain  duration  ( <  50  ns)  and  a  relatively  low 
value  of  the  peak  gain  (<  1  percent  •  cm-1)  limited  the 
energy  and  efficiency  of  the  electrically  excited  XeF(C  -* 
A)  laser  to  unacceptably  low  levels.  However,  in  recent 
years,  multicomponent  mixtures  have  been  developed  that 
result  in  significant  reduction  in  the  transient  absorption, 
thereby  permitting  much  higher  peak  gain  values  ( ~  2-3 
percent  •  cm-1),  with  a  dramatic  improvement  in  laser 
performance  [I],  [5],  [9],  [10], 

A.  Mixtures  Containing  Krypton 

The  addition  of  Kr  to  XeF(C  -*  A)  laser  mixtures  has 
been  found  to  result  in  a  significantly  improved  gain  pro¬ 
file  when  e-beam  excitation  is  used  [5],  [10].  Presented 
in  Fig.  4  is  the  measured  temporal  evolution  of  the  net 
gain  for  representative  XeF(C  -♦  A)  laser  mixtures  with 
and  without  Kr.  The  fractional  concentrations  of  each 
constituent  of  the  Ar-Xe-NF3-F2  mixture  are  optimized 
and  result  in  broad-band  extraction  energy  density  values 
typically  in  the  1.0- 1.5  J/l  range  when  a  free-ninning  sta¬ 
ble  resonator  is  used  [1],  [5].  However,  Fig.  4  vividly 
illustrates  the  significant  reduction  in  the  initial  absorp¬ 
tion  and  the  increase  in  peak  gain  when  Kr  is  added  to  the 
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Fig.  4  Temporal  evolution  of  the  XeF(C  —  A)  net  gain  profile  measured 
at  488  nm  using  an  Ar-ion  probe  laser  for  mixtures  comprised  of  6.5 
atm  Ar,  16  torr  Xe.  8  tori  NF,,  and  8  torr  F,  (a),  and  6.5  atm  Ar.  10 
torr  Xe.  8  torr  NF,.  2  torr  F:.  and  150  torr  Kr  (b). 
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Fig.  5.  Wavelength  dependence  of  the  peak  values  of  gain  and  initial  ab¬ 
sorption  for  mixtures  comprised  of  6.5  atm  Ar.  16  lonr  Xe.  8  torr  NF,. 
and  8  torr  F,  (a),  and  6.5  atm  Ar.  10  torr  Xe.  8  torr  NF,.  2  torr  F,.  and 
300  torr  Kr  (b). 

mixture  and  all  constituent  fractional  concentrations  are 
reoptimized.  The  improved  gain  profile  typical  of  Kr-con- 
taining  mixtures  has  been  found  to  increase  the  broad¬ 
band  output  energy  and  intrinsic  efficiency  of  a  stable, 
free-running  oscillator  to  levels  comparable  to  those  of 
the  UV  XeF(fi  -*  X)  transition  [5].  The  wavelength  de¬ 
pendence  of  the  peak  values  of  gain  and  initial  absorption 
for  mixtures  with  and  without  Kr  are  presented  in  Fig.  5. 
These  results  are  typical  of  Kr  partial  pressures  in  the  150— 
600  torr  range,  and  show  that  the  peak  gain  is  increased 
significantly  and  the  initial  absorption  is  decreased 
throughout  the  entire  wavelength  range  of  interest. 

In  our  initial  work  on  injection  control  [6],  an  opti¬ 
mized  Ar-Xe-NF3-F2  mixture  typical  of  the  conditions 
of  Figs.  4  and  5  was  used.  However,  for  the  experiments 
reported  herein,  an  optimized  Kr-containing  mixture  was 
utilized.  Of  course,  the  higher  value  of  peak  gain  typical 
of  Kr  mixtures  results  in  greater  amplification  of  the  in¬ 
jected  dye  laser  pulse.  As  important,  however,  is  the  fact 
that  with  Kr  present  in  the  mixture,  the  initial  absorption 
of  the  injected  pulse  is  greatly  reduced  (Fig.  4),  thereby 
increasing  the  energy  available  for  amplification.  For  this 
reason,  the  presence  of  Kr  in  the  mixture  has  an  even 
greater  beneficial  effect  when  the  XeF(C  -*  A)  medium  is 
used  as  an  amplifier  than  when  used  as  a  free-running  os¬ 
cillator  [5] .  Additionally,  for  the  conditions  of  Figs.  4  and 
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5,  the  concentration  of  Kr2F  is  very  large  [10].  Since  the 
Kr2F  excimer  is  an  absorber  of  UV  radiation,  its  presence 
significantly  reduces  the  possibility  of  competitive  oscil¬ 
lation  on  the  XeF(B  -*  X )  transition  [10]. 

IV.  Experimental  Results  and  Discussion 

A.  Timing  Considerations 

The  approximate  temporal  relationship  among  the  in¬ 
jected  dye  laser  pulse,  the  e-beam  excitation  pulse,  the 
amplified  output  pulse,  and  the  free-tunning  broad-band 
XeF(C  -*  A)  laser  oscillator  output  are  shown  in  Fig.  6. 
Figs.  4  and  6  show  that  the  duration  of  the  dye  laser  pulse 
and  the  gain  risetime  are  both  on  the  order  of  10-20  ns, 
a  time  nearly  the  same  as  that  required  for  the  injected 
pulse  to  fill  the  cavity.  For  this  reason,  control  of  the  tim¬ 
ing  of  the  dye  laser  pulse  with  respect  to  the  firing  of  the 
e  beam  was  found  to  be  a  difficult  and  critical  aspect  of 
the  present  experiment.  The  problem  was  further  compli¬ 
cated  by  the  fact  that  a  short  period  of  initial  absorption 
accompanies  the  e-beam  firing  (Fig.  4),  although  at  a 
much  reduced  level  when  using  mixtures  containing  Kr  as 
described  previously. 

Presented  in  Fig.  7  is  the  dependence  of  the  amplified 
482.5  nm  pulse  energy  on  the  delay  time  between  the  in¬ 
jection  of  a  1  mJ  dye  laser  pulse  and  the  firing  of  the  e 
beam.  This  figure  shows  that  for  a  magnification  M  of 
1 .08,  for  which  approxmately  86  percent  of  the  dye  laser 
energy  is  reflected  back  out  through  the  injection  hole,  the 
temporal  window  corresponding  to  optimum  timing  is 
only  10-15  ns.  For  an  M  value  of  1.05,  the  window  was 
slightly  larger,  reflecting  the  fact  that  the  transit  time  of 
the  dye  laser  pulse  through  the  cavity  increases  as  M  de¬ 
creases,  thereby  relaxing  the  timing  constraint  somewhat. 
For  the  same  reason,  the  optimum  temporal  window  was 
reduced  to  about  5  ns  for  an  M  value  of  1.23. 

B.  Magnification  Effects 

In  addition  to  a  significant  dependence  on  timing,  the 
amplified  output  pulse  energy  also  exhibited  a  strong  de¬ 
pendence  on  cavity  magnification  for  the  specific  condi¬ 
tions  of  our  experiment.  Fig.  8  shows  the  dependence  of 
the  482.5  nm  output  energy  on  M  for  near  optimum  timing 
(Fig.  7)  and  a  1  mJ  injection  pulse  energy.  As  M  is  re¬ 
duced  from  1.23,  the  output  energy  increases,  a  reflection 
of  the  increase  in  cavity  feedback  for  the  lower  M  values. 
However,  as  M  approaches  unity,  nearly  all  the  injected 
dye  laser  energy  is  reflected  back  out  through  the  1.5  mm 
diameter  injection  hole.  Indeed,  Fig.  8  shows  that  the  out¬ 
put  energy  decreases  rapidly  as  the  magnification  is  re¬ 
duced  to  1.05.  Additionally,  optical  alignment  was  found 
to  be  very  difficult  using  the  M  =  1 .05  cavity  [8]. 

C.  Output  Energy  and  Efficiency 

For  the  conditions  of  Figs.  7  and  8,  the  e-beam  energy 
deposition  was  measured  and  found  to  be  approximately 
135  J/l,  a  value  consistent  with  calculated  and  measured 
values  of  medium  properties  [  1  ] .  Since  the  active  volume 
defined  by  the  mirror  spacing  and  magnification  values 
varied  from  16.8  to  20.4  cm3  for  our  conditions,  the  max- 
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Fig.  6.  Temporal  relationships  of  the  dye  laser,  the  e-beam  excitation 
pulse,  the  amplified  XeF(C  -♦  A)  output,  and  the  broad  band  and  XeF(C 
-»  A)  output  with  the  system  operating  as  a  free-running  oscillator. 
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Fig.  7.  Dependence  of  the  amplified  XeFfC  —  A)  output  energy  on  the 
delay  time  between  a  482.5  nm  dye  laser  pulse  and  firing  of  the  r  beam. 
The  energy  of  the  dye  laser  pulse  entering  the  cavity  was  1  mJ,  approx¬ 
imately  86  percent  of  which  was  reflected  back  out  through  the  injection 
hole.  The  mixture  was  comprised  of  6.5  atm  Ar,  8  torr  Xe.  8  torr  NF,, 
1  ton  F2,  and  300  torr  Kr. 


Fig.  8.  Dependence  of  the  482.5  nm  amplified  output  pulse  on  cavity  mag¬ 
nification  for  optimum  timing  and  conditions  otherwise  similar  to  those 
of  Fig.  7. 

imum  149  mJ  output  obtained  at  482.5  nm  corresponds  to 
an  energy  density  of  -  8  J/l  and  an  intrinsic  efficiency  of 
approximately  6  percent.  On  a  volumetric  basis,  these 
values  are  actually  higher  than  those  typical  of  room  tem¬ 
perature  XeF(Z?  -*  X )  laser  operation,  and  are  comparable 
to  XeF(fl  -»  X)  performance  at  the  450  K  temperature 
found  to  be  optimum  for  that  laser  [  1 1  ] ,  [  12] .  This  is  rather 
surprising  in  view  of  the  fact  that  the  C  -*  A  quantum 
efficiency  is  -25  percent  less  than  that  of  the  B  -*  X 
transition.  However,  because  of  the  strongly  repulsive  na¬ 
ture  of  the  XeF04)  state,  the  C  -*  A  laser  does  not  suffer 
from  lower  level  population  buildup  as  is  the  case  with 
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Fig.  9  Qualitative  comparison  of  superimposed  time  imegraied  spectra  of 
the  XeF(C  —  A)  fluorescence,  the  injection-controlled  output  of  five  sep¬ 
arate  shots  at  several  wavelengths,  and  a  typical  free-running  oscillatoi 
spectrum,  all  for  representative  conditions. 

the  B  -*  X  laser.  Additionally,  the  6.5  atm  Ar-Kr  buffer 
mixture  used  in  the  present  work  results  in  B-C  state  mix¬ 
ing  and  vibrational  relaxation  times  of  approximately  0. 1 
ns  [10],  [13],  which  are  very  much  less  than  those  typical 
of  optimum  B  -*  X  laser  mixtures  using  Ne  as  the  buffer 
at  pressure  of  —3  atm  [11],  [12].  Since  both  lower  level 
buildup  and  slow  vibrational  relaxation  adversely  affect 
XeF (B  -*  X)  laser  energy  and  efficiency  [11],  [14],  ap¬ 
parently  the  XeF(C  -*  A)  medium  has  advantages  in  this 
regard,  provided  the  level  of  broad-band  transient  absorp¬ 
tion  is  controlled  kinetically  and  the  characteristically 
slow  build  up  of  optical  flux  that  usually  limits  oscillator 
performance  is  overcome  by  using  the  C  A  medium  as 
an  amplifier. 

D.  Wavelength  Tuning 

In  order  to  determine  the  range  within  which  the  XeF(C 
-♦  A)  medium  can  be  efficiently  tuned,  the  wavelength  of 
the  injected  pulse  was  varied  from  435  to  535  nm.  Fig.  9 
provides  an  illustrative  comparison  of  the  spectra  of  sev¬ 
eral  injection-controlled  shots  and  a  free-running  oscilla¬ 
tor  spectrum,  along  with  the  XeF(C  -»  A)  fluorescence 
spectrum.  Because  of  the  large  cavity  loss  described  pre¬ 
viously,  the  maximum  free-running  output  energy  was  al¬ 
ways  less  than  0. 1  mJ  for  our  conditions.  However,  sev¬ 
eral  mJ  of  amplified  output  were  obtained  for  injection 
wavelengths  as  low  as  459.4  nm  and  as  high  as  505  nm. 
In  fact,  amplification  of  the  injected  signal  was  observed 
for  wavelengths  as  low  as  435  nm  and  as  high  as  535  nm. 

Presented  in  Fig.  10  is  the  measured  output  energy  as 
a  function  of  wavelength  for  several  different  cavities, 
along  with  a  typical  free-running  spectrum  for  compari¬ 
son.  The  specific  injection  wavelengths  were  chosen  to 
correspond  to  the  peaks  and  absorption  valleys  that  are 
always  apparent  in  the  free-running  XeF(C  -*  A)  laser 
spectrum.  This  figure  shows  that  the  wavelength  depen¬ 
dence  of  the  minima  observed  in  the  amplified  output  cor¬ 
relates  reasonably  well  with  the  locations  of  the  absorp¬ 
tion  valleys  in  the  free-running  spectrum.  The  discrete 
absorption  is  due  primarily  to  phototransitions  from 
Xe(3P2,  3/*i)  atoms  to  higher  Rydberg  levels  [1],  [15]. 

While  all  the  points  shown  in  Fig.  10  correspond  to 
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Fig.  10.  Measured  amplified  XeF(C  —  A)  output  energy  for  selected 
wavelengths  for  an  injected  dye  laser  pulse  of  approximately  1  mJ.  along 
with  a  typical  free-running  spectrum,  the  intensity  of  the  latter  in  arbi¬ 
trary  units  for  comparison.  The  cavity  M  values  were  1.05  (A).  1.08 
(■).  and  1.14  (•)  (see  Fig.  8). 

near  optimum  timing  between  the  dye  pulse  injection  and 
e-beam  firing  (Fig.  7),  only  the  482.5  nm  point  was  ob¬ 
tained  using  optimum  cavity  magnification  (Fig.  8).  Ad¬ 
ditionally,  the  measured  dye  laser  throughput  for  a  bare 
cavity  was  occasionally  less  than  expected  on  the  basis  of 
the  cavity  magnification  value,  a  condition  found  to  be 
caused  by  significant  mirror  surface  deterioration  under 
certain  conditions.  For  these  reasons,  we  feel  that,  with 
the  exception  of  the  482.5  nm  value,  the  measured  am¬ 
plified  output  energies  of  Fig.  10  represent  lower  limits. 
Correcting  the  values  of  Fig.  10  for  differences  in  cavity 
magnification  (Fig.  8)  and  for  the  estimated  effect  of  mir¬ 
ror  surface  deterioration  suggests  that,  except  for  wave- 
'^ngths  coinciding  with  discrete  absorption  transitions, 
output  energy  density  values  >  1  J/l  should  be  attainable 
throughout  the  entire  blue-green  region  of  the  spectrum. 

V.  Summary 

The  results  of  this  investigation  provide  encouraging 
evidence  that  the  electrically  excited  XeF(C  -*  A)  me¬ 
dium  has  significant  potential  for  development  as  an  effi¬ 
cient  optical  source  of  high  brightness  that  is  tunable 
throughout  a  large  portion  of  the  blue-green  spectral  re¬ 
gion.  Moreover,  the  usually  high  values  of  extraction  en¬ 
ergy  density  and  of  intrinsic  efficiency  that  were  obtained 
for  an  injection  wavelength  matched  to  the  maximum  gain 
suggest  that  the  XeF(C  *■*  A)  medium  may  have  the  po¬ 
tential  to  rival  its  UV  rare  gas-halide  counterparts  for  cer¬ 
tain  selected  applic  .ions  requiring  high  energy  and  effi¬ 
ciency. 

Although  relatively  efficient  ( > 0. 1  percent)  tuning  has 
been  demonstrated  for  wavelengths  as  low  as  459.4  nm 
and  as  high  as  505  nm,  XeF(C  -*  A)  amplifier  perfor¬ 
mance  has  been  limited  in  the  present  investigation  by  the 
combination  of  a  short  active  length  (—  10  cm),  undesir¬ 
ably  low  values  of  ca”ity  magnification  (<  1.3)  required 
to  compensate  for  the  former,  and  a  critical  sensitivity  to 
timing.  However,  it  is  clear  that  these  factors  do  not  rep¬ 
resent  fundamental  limitations.  Considering  that  the  gain 
of  the  e-beam  excited  XeF(C  -*  A)  medium  is  relatively 
high  (>2  percent  •  cm-1)  over  a  100  nm  bandwidth  cen¬ 
tered  at  480  nm,  significant  improvement  in  performance 


TT-76 


TITTEL  et  a l  TUNING  OF  XeFiC  -  A\  LASER 


should  be  forthcoming  as  a  result  of  pumping  geometries 
which  are  better  suited  to  optimization  of  the  laser  cavity. 
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Efficient,  narrow  .pectraJ  output  has  been  achieved  by  injection  control  of  an  electron-beam 
excited  XeF  (C— »A  )  laser  medium  using  a  482-nm  dye  laser  pulse  having  a  spectral  width  of  0.01 
nm.  The  energy  density  and  intrinsic  efficiency  characteristic  of  the  amplified  output  beam  were  3 
J/l  and  approximately  2.5%,  respectively,  and  the  spectral  width  was  on  the  order  of  that  of  the 
injected  pulse. 

In  recent  years  narrow  bandwidth  ( 5  0.01  nm),  tunable  Raman  converted  to  several  specific  wavelengths  in  the  visi- 
laser  operation  has  been  demonstrated  by  injection  locking  ble  region,  also  with  narrow  spectral  width.4  Although  the 
electrically  excited  rare  gas-halide  lasers  such  as  KsF  (248  high  efficiency  (>1%)  typical  of  these  lasers  operating  as 
nm)1  and  XeF  (351  nm),12  and  HgBr  (502  nm).3  Additional-  free-running  oscillators  was  preserved  in  the  narrow  wave- 
ly,  the  UV  output  of  lasers  such  as  XeCl  (308  nm)  has  been  length-tuned  output,  their  tuning  range  is  limited  to  about  1 
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nm.  In  contrast,  the  very  broadband  XeF  (C—*A  )  laser,  cen¬ 
tered  in  the  blue-green  region  at  485  nm,  has  been  tuned 
continuously  from  about  450  to  5 10  nm  with  a  spectral  width 
on  the  order  of  a  few  nanometers,  using  either  intracavity 
optical  elements5,6  or  dye  laser  pulse  injection  7  However,  in 
these  experiments  both  the  free-running  and  tuned  laser  out¬ 
put  were  extremely  inefficient  (<  1  %). 

Recently,  very  significant  improvement  in  the  perfor¬ 
mance  of  an  electron-beam  (e-beam)  excited  XeF  {C—A  )  la¬ 
ser  has  been  achieved  by  selective  tailoring  of  the  gas  mixture 
so  as  to  minimize  transient  absorption.8"10  Use  of  multicom¬ 
ponent  gas  mixtures  comprised  either  of  Ar-Xe-F,-NF3 
(Refs.  8  and  9)  or  of  Ar-Kr-Xe-FrNF,  (Ref.  10)  has  resulted 
in  laser  pulse  energy  density  values  in  the  1. 5-3.0  J/l  range 
with  an  intrinsic  efficiency  of  approximately  1.5%,  a  perfor¬ 
mance  level  which,  for  the  first  time,  is  comparable  to  that 
typical  of  the  B—+X  rare  gas-halide  and  mercury-halide  la¬ 
sers.  In  these  studies  the  free-running  XeF  (C— *A  )  laser  out¬ 
put  was  centered  at  480  nm  with  a  bandwidth  of  ~25  nm 
(FWHM).  However,  measurements910  showed  that  the  gain 
extended  over  a  much  larger  spectral  range  and  exhibited  a 
relatively  weak  dependence  on  wavelength.  These  results  in¬ 
dicate  that  it  should  be  possible  to  tune  the  XeF  (C—-A  )  laser 
continuously  throughout  the  entire  blue-green  region,  with 
narrow  spectral  width  and  with  an  efficiency  typical  of  that 
demonstrated  in  the  free-running  mode.  In  this  letter  we  re¬ 
port  efficient  ( —  2.0— 3.0%),  narrow  spectral  output 
(A/1  ~  0.01  nm)  from  an  XeF  (C—*A  )  laser  medium  by  ampli¬ 
fication  of  an  injected  dye  laser  pulse. 

Transverse  laser  excitation  was  provided  by  an  e-beam 
with  an  electron  energy  of  1  MeV  and  a  pulse  duration  of  10 
ns  (FWHM).  The  e-beam  current  density  at  the  center  of  the 
optical  axis  was  ~  200  A  cm  " 2,  as  measured  with  a  Faraday 
probe.  Specific  details  of  the  experimental  arrangement  and 
related  diagnostic  apparatus  are  described  in  Ref.  9.  For  the 
present  purposes  the  gas  mixture  was  composed  of  6.5  atm 
Ar,  16  Torr  Xe,  8  Torr  F2,  and  8  Torr  NF3.  Good  mixing  of 
the  component  gases  and  thorough  fluorine  passivation  of 
the  stainless  steel  reaction  cell  were  found  to  be  absolutely 
essential  in  order  to  ensure  reliable  laser  performance.  The 
source  of  the  injected  radiation  was  a  narrow  bandwidth  ex- 
cimer-pumped  dye  laser  system  (Lambda-Physik  models 
EMG  100  and  FL  2002).  This  reference  oscillator  arrange¬ 
ment  delivered  up  to  12  mJ  in  a  10  ns  pulse,  tunable  from  440 
to  540  nm  using  Coumarin  dyes  47,  102,  and  307.  The  spec¬ 
tral  width  of  the  seed  pulse  was  0.01  nm  as  measured  with  a 
monitoring  etalon. 

The  collimated  dye  laser  pulse  was  injected  through  a 
small  hole  (2  mm  diameter)  in  the  concave  back  mirror  of  an 
intracell  positive  branch  confocal  unstable  resonator'  as  il¬ 
lustrated  in  Fig.  1.  Two  different  resonators  were  used  hav¬ 
ing  radii  of  curvature  for  the  concave  mirrors  of  either  1 . 5  or 
2.0  m,  and  for  the  corresponding  smaller  convex  mirrors  of 
either  1.22  or  1.75  m;  the  mirror  separation  was  about  13.0 
cm,  depending  on  the  specific  resonator.  The  concave  mir¬ 
rors  were  covered  with  a  broadband  coating  that  was  totally 
reflective  from  440  to  530  nm,  while  the  coating  on  the  con¬ 
vex  output  reflector  (a  meniscus  lens)  was  limited  to  a  diame¬ 
ter  of  1.4  cm.  The  thin  outer  annular  region  of  the  output 
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FIG.  1.  Schematic  illustration  of  experimental  arrangement.  NDF  =  neu¬ 
tral  density  filter,  CF  =  color-glass  filter,  VPD  =  vacuum  photodiode 

mirrors  was  AR  coated  on  both  sides.  These  elements  result¬ 
ed  in  cavity  magnification  ( M )  values  of  1 .23  and  1.14,  corre¬ 
sponding  to  output  coupling  of  34  and  24%,  respectively, 
values  that  are  very  much  higher  than  the  —5%  previously 
found  to  be  optimum  for  a  free-running  stable  resonator.910 
Since  oscillation  in  this  type  of  unstable  resonator  builds  up 
most  readily  in  the  “lossless”paraxial  region, 1  and  since  (for 
these  small  magnifications)  the  injection  hole  constitutes  a 
large  loss  ( —  70%)  to  the  paraxial  volume,  significant  self¬ 
oscillation  (injected  or  not)  is  not  possible.  Indeed,  the  output 
energy  obtained  by  operating  these  resonators  as  free-run¬ 
ning  oscillators  was  three  to  four  orders  of  magnitude  lower 
than  that  obtained  using  an  optimized  stable  resonator  un¬ 
der  otherwise  similar  conditions. 10  Thus,  in  this  case  the  pri¬ 
mary  role  of  the  cavity  is  to  serve  as  the  beam-expanding 
telescope  of  a  regenerative  amplifier.  Hence  the  term  injec¬ 
tion  controlled  is  used  instead  of  injection  locked. 

The  temporal  relationships  among  the  injected  482-nm 
dye  laser  pulse,  the  e-beam  excitation  pulse,  the  XeF  (C— *A  ) 
laser  output  at  482  nm,  and  the  free-running  broadband 
XeF  (C— -A  )  laser  output  are  shown  in  Fig.  2.  Also  shown  for 


FIG.  2.  Approximate  temporal  relationships  among  the  482-nm  injected 
dye  laser  pulse  at  the  cavity  input  hole,  the  e-beam  excitation  pulse,  the  482- 
nm  XeF  (C— *A  ( laser  output  at  the  cavity  exit,  and  the  broadband  free-run¬ 
ning  XeF  (C— )  laser  output.  Also  shown  is  the  typical  temporal  evolution 
of  the  zero  field  net  gain  at  488  nm.  For  the  present  mixture,  6.5  atm  Ar,  16 
Torr  Xe,  8  Torr  NF,,  and  8  Tott  F2,  the  peak  gain  is  —2.75%  cm" 1  (Ref. 
10). 
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illustrative  purposes  is  the  temporal  evolution  of  the  net  gain 
at  488  nm.  The  causes  of  the  strong  initial  absorption  occur¬ 
ring  during  the  e-beam  excitation  pulse  have  been  identified 
and  are  explained  in  detail  elsewhere.910  Because  of  the  low 
magnification,  it  takes  ~  10  round  trips  through  the  ~  1 3- 
cm-long  cavity  before  the  injected  dye  laser  pulse  expands  to 
fill  the  active  cavity  volume,  requiring  a  time  of  ~  10  ns. 
Thus,  the  duration  of  the  injected  pulse,  the  rise  time  and  the 
duration  of  the  gain,  and  the  cavity  fill  time  are  all  about  the 
same.  For  this  reason,  the  timing  of  the  dye  laser  pulse  with 
respect  to  the  firing  of  the  e-beam  was  found  to  be  quite 
critical  and  had  to  be  controlled  to  within  a  few  nanoseconds 
in  order  to  obtain  repeatable  results. 

Figure  3  shows  the  dependence  of  the  XeF  \C—*A  )  out¬ 
put  pulse  energy  on  the  energy  of  the  injected  dye  laser  pulse 
for  the  M  =  1 .23  cavity.  Because  of  the  low  magnification,  in 
the  absence  of  e-beam  excitation  60  to  70%  of  the  dye  laser 
energy  is  reflected  back  out  through  the  2-mm-diam  hole  in 
the  concave  mirror.  The  fraction  of  the  input  pulse  that  es¬ 
capes  through  the  hole  when  the  e-beam  is  fired  is  likely  to  be 
somewhat  lower  due  to  spatial  nonuniformity  of  the  gain 
medium.  Thus,  the  input  energy  shown  in  Fig.  3  represents 
an  upper  limit  to  the  actual  intracavity  value,  and  the  out- 
put-input  ratio  that  can  be  inferred  from  the  data  is  therefore 
a  lower  limit.  The  linear  dependence  of  the  output  pulse  en¬ 
ergy  on  dye  laser  input  energy  for  a  three  order  of  magnitude 
variation  of  the  latter  indicates  that  the  cavity  /medium  com¬ 
bination  is  acting  as  a  multipass  amplifier  for  the  present 
conditions  and  that  the  gain  is  not  significantly  saturated 
until  high  input  energies  are  reached.  Such  behavior  is  con¬ 
sistent  with  the  very  low  output  obtained  with  the  resonator 
operating  as  a  free-running  oscillator.  However,  saturation 
of  the  gain  medium  appears  to  occur  for  input  pulse  energies 
above  approximately  0. 1  mJ.  The  20-mJ  maximum  output 
for  the  M  —  1 .23  cavity  corresponds  to  an  energy  density  of  1 
J/l  and  an  intrinsic  energy  utilization  efficiency  of  approxi- 


FIG.  3.  XeF  (C-»4  j  output  pulse  energy  dependence  on  the  injected  dye 
laser  energy,  both  at  482  nm,  measured  using  a  calibrated  vacuum  photo¬ 
diode  detector.  The  gas  mixture  was  comprised  of  6. 5  atm  Ar,  1 6  Torr  Xe,  8 
Torr  NF„  and  8  Torr  F,;  and  volumetric  e-beam  energy  deposition  was 
— 100  J/l  (Ref.  9).  Laser  output  levels  obtained  with  unstable  and  stable 
(optimized)  free-running  oscillators  are  indicated. 


Wavelength.nm 

FIG.  4.  XeF  (C— *A  )  spectra  for  the  free-running  and  injection-controlled 
conditons  of  Fig.  3.  The  resolution  limit  of  the  measurement  system  was  0.S 
nm. 

mately  1  %,  based  on  an  active  volume  of  20  cm3  and  an  e- 
beam  energy  deposition  of  ~  100  J/l.9  For  the  same  condi¬ 
tions  the  M  =  1.14  cavity  resulted  in  an  output  energy  an 
order  of  magnitude  higher  than  the  M  —  1.23  cavity  when 
the  input  energy  was  <0.01  mJ,  with  a  maximum  output  of 
over  60  mJ  at  saturation,  corresponding  to  energy  density 
and  intrinsic  efficiency  values  of  3  J/l  and  approximately 
2.5%,  respectively. 1 1  For  the  net  gain  typical  of  these  condi¬ 
tions  (Fig.  2)  the  significantly  increased  output  obtained  us¬ 
ing  the  M  =  1.14  cavity  compared  to  that  of  the  M  —  1.23 
cavity  is  consistent  with  the  —50%  longer  amplification 
path  length  of  the  former. 

Presented  in  Fig.  4  is  the  broadband  XeF  {C—+A  )  spec¬ 
trum  typical  of  the  unstable  (or  stable9-10)  resonators  operat¬ 
ing  as  free-running  oscillators,  compared  with  that  of  the 
injection-controlled  XeF  {C—»A )  amplifier.  The  indicated 
— 0.5-nm  width  of  the  amplified  482-nm  pulse  reflects  the 
resolution  limit  of  our  present  measurement  system.  Pre¬ 
liminary  evaluation  of  the  spectral  characteristics  of  the  nar¬ 
rowed  XeF  [C—*A  (output  indicates  that  the  spectral  width  is 
nearly  the  same  as  that  of  the  dye  laser  input,  i.e„  AA  —0.01 
nm.  In  these  experiments  the  dye  laser  output  was  tuned  so 
as  to  coincide  with  a  maximum  in  the  free-running  laser 
spectrum  (Fig.  4).  However,  tuning  the  input  a  few  nano¬ 
meters  to  the  location  of  an  absorption  valley  resulted  in  no 
significant  changes  in  the  output.  Although  the  broadband 
laser  spectrum  of  a  free-running  oscillator  (stable  or  unsta¬ 
ble)  typically  is  limited  to  the  465-495-nm  range  within 
which  the  gain  is  a  maximum,  measurements  show9,10  that 
the  net  gain  is  reduced  from  its  maximum  at  —485  nm  by 
only  —  20%  for  wavelengths  as  low  as  460  nm  and  as  high  as 
510  nm,  indicating  that  continuous  tuning  over  a  broad 
range  with  high-energy  output  should  be  possible. 

This  investigation  has  shown  that  simultaneous  narrow 
spectral  output  and  efficient  energy  extraction  can  be  ob¬ 
tained  using  an  XeF  (C—*A  )  laser  medium  to  amplify  an  in¬ 
jected  dye  laser  pulse.  These  results  indicate  that  efficient, 
narrow  spectral  output  should  be  attainable  throughout  the 
entire  blue-green  region  using  an  injection-controlled,  elec- 
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trically  excited  XeF  (C— *A  )  medium,  with  the  medium  serv¬ 
ing  either  as  an  amplifier  as  in  the  present  investigation  or  as 
an  injection-locked  oscillator.  However,  longer  gain  lengths 
will  be  required  for  true  efficient  oscillator  operation  of  an 
unstable  cavity. 
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Simultaneous  Multiwavelength  Operation  of  a  Commercial  Rare  Gas  Halide 

Laser 

R.  A.  SAUERBREY,  W.  L.  NIGHAN,  F.  K.  TITTEL,  W.  L.  WILSON,  JR.,  and  J.  KINROSS-WRIGHT 


Abstract—  Simultaneous  dual  wavelength  operation  of  a  commercial- 
discharge  excited  rare  gas  halide  excimer  laser  is  reported  for  the  first 
time.  A  combined  energy  output  in  excess  of  20  mj  was  obtained  for 
the  193  and  248  nm  ArF  and  KrF  B  —  X  transitions  oscillating  simul¬ 
taneously,  and  also  for  the  248  and  351  nm  KrF  and  XeF  transitions. 
Analysis  indicates  that  significantly  higher  dual  wavelength  energies 
should  be  possible. 

Introduction 

FOR  applications  in  areas  such  as  spectroscopy,  optical 
diagnostics,  materials  processing,  and  medicine,  it 
may  be  useful  to  have  the  capability  of  operating  a  single 
rare  gas  halide  eximer  laser  system  at  two  or  more  wave¬ 
lengths.  In  this  letter,  we  report  the  first  demonstration  of 
relatively  efficient,  simultaneous  oscillation  of  two  UV  rare 
gas  halide  transitions  in  a  commercial  excimer  laser. 

In  a  previous  investigation,  it  was  shown  that  an  elec¬ 
tron-beam  excited  medium  that  had  been  optimized  for 
efficient  blue/green  XeF(C  -*  A)  laser  oscillation  also  ex¬ 
hibited  strong  net  gain  on  the  UV  B  -*  X  transition,  and 
that  simultaneous  laser  oscillation  on  both  transitions  was 
possible  [IJ.  Subsequently,  relatively  efficient  (-0.25  per¬ 
cent),  simultaneous  UV/ visible  XeF  laser  oscillation  was 
achieved  through  use  of  an  optimized  dual  wavelength  res¬ 
onator  along  with  addition  of  Kr  to  the  gas  mixture  [2], 
[3] .  In  that  work,  the  intensity  of  the  248  nm  KrF (B  -» 
X)  fluorescence  was  observed  to  be  comparable  to  that  of 
the  351  nm  XeF(B  -*■  X )  fluorescence  under  conditions 
for  which  the  dual  XeF  B  -*  X  and  C  -»  A  laser  output 
energies  were  equal.  Since  the  kinetics  of  the  B  -*  X  tran¬ 
sitions  of  KrF  and  XeF  are  actually  less  competitive  than 
those  of  the  XeF  B  -*  X  and  C  A  transitions,  this  ob¬ 
servation  suggested  that  efficient,  simultaneous  multiple 
wavelength  oscillation  on  B  -»  X  rare  gas  halide  transi¬ 
tions  should  be  possible  using  appropriate  gas  mixtures  in 
a  commercial-discharge  excited  excimer  laser. 

Experimental  Apparatus  and  Procedure 

In  order  to  investigate  the  possibility  of  simultaneous 
“dual  wavelength”  operation,  we  used  an  unmodified 
commercial  excimer  laser.  This  laser  has  a  discharge 
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length  of  50  cm,  an  interelectrode  spacing  of  2.6  cm.  and 
an  active  discharge  volume  of  approximately  0.12  1.  The 
optical  resonator  consists  of  a  MgF2  coated  aluminum 
high-reflectivity  mirror  and  a  CaFj  window  that  serves  as 
the  output  coupler.  The  distance  between  the  window  and 
the  mirror  is  75  cm.  The  laser  was  operated  with  a  dis¬ 
charge  voltage  of  30  kV  and  a  repetition  frequency  in  the 
3-10  s-1  range.  Laser  gases  were  mixed  inside  the  laser 
cavity  which  had  been  thoroughly  passivated  through  sev¬ 
eral  months’  use  with  mixtures  containing  only  fluorides. 
Gas  pressures  were  measured  with  the  built-in  manometer 
of  the  laser.  In  order  to  obtain  accurate  gas  pressure  mea¬ 
surement  when  mixture  constituents  with  partial  pressure 
below  50  mbar  were  required,  the  low  partial  pressure 
gases  were  prediluted  in  helium,  the  recommended  buffer 
gas  for  rare  gas  fluoride  laser  operation.  For  each  change 
in  gas  mixture,  a  new  fill  was  used. 

The  total  output  energy  of  the  laser  was  measured  by 
means  of  two  calibrated  Gentec  pyroelectric  energy  me¬ 
ters  (Models  ED  200  and  ED  500).  A  quartz  flat  served 
as  a  beam  splitter  to  guide  part  of  the  laser  output  to  a 
vacuum  photodiode.  Interference  and  color  glass  filters 
were  used  for  spectral  selection  of  the  laser  transitions. 
Quartz  neutral-density  filters  served  as  attenuators  for  the 
laser  beam.  This  arrangement  permitted  an  accurate  de¬ 
termination  of  the  total  laser  energy  without  regard  to 
wavelength,  as  well  as  independent  laser  energy  and  tem¬ 
poral  pulse  shape  measurements  for  each  UV  laser  tran¬ 
sition. 

The  total  energy  output  of  our  laser  operating  on  each 
of  the  rare  gas  fluoride  B  -*  X  transitions  individually  was 
(90  ±  20)  mJ  for  ArF  (193  nm),  (250  ±  40)  mJ  for  KrF 
(248  nm),  and  (80  ±  20)  mJ  for  XeF  (351  nm).  These 
values  were  obtained  using  the  optimum  r/iree-component 
gas  mixtures  recommended  by  the  manufacturer.  The 
maximum  energy  values  for  KrF  and  XeF  are  in  accord 
with  the  manufacturer’s  specifications,  whereas  the  mea¬ 
sured  ArF  output  is  approximately  half  of  the  optimum 
energy  output  for  this  laser.  The  193  nm  ArF  laser  tran¬ 
sition  is  by  far  the  most  sensitive  of  the  rare  gas  fluorides 
to  gradual  deterioration  of  system  components  through 
normal  use  [4].  Therefore,  considering  the  age  and  prior 
history  of  the  laser  used  in  this  investigation,  the  reduced 
ArF  laser  energy  level  is  not  unusual. 

Results  and  Analysis 

In  order  to  obtain  dual  wavelength  oscillation  on  the  KrF 
and  XeF  transitions,  xenon  was  added  gradually  to  the 
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Fig  l.  Total  UV  laser  energy  and  KrF  and  XeF  laser  energies  as  a  function 
of  Xe  pressure  for  a  mixture  comprised  of  6  mbar  F>.  150  mbar  Kr  and 
He  at  an  initial  total  pressure  of  2.5  bar.  In  the  absence  of  Xe.  this  mix¬ 
ture  is  optimized  for  KrF  laser  oscillation  alone.  The  discharge  voltage 
was  30  kV 


Fig.  2.  Total  l/V  laser  energy  and  ArF  and  KrF  laser  energies  as  a  function 
of  Kr  pressure  for  a  mixture  comprised  of  7.5  mbar  F2.  350  mbar  Ar  and 
He  at  an  initial  total  pressure  of  2.2  bar.  In  the  absence  of  Kr,  this  mixture 
is  optimized  for  ArF  laser  oscillation  alone.  The  discharge  voltage  was 
30  kV 

three-component  He-Kr-F2  mixture  that  had  been  op¬ 
timized  for  248  nm  KrF  laser  oscillation  alone.  A  similar 
experimer*  was  carried  out  starting  with  a  mixture  opti¬ 
mized  for  193  nm  ArF  oscillation;  in  this  case,  Kr  was 
added  gradually  to  the  optimum  He-Ar-F2  mixture.  The 
results  of  these  experiments  are  shown  in  Figs.  1  and  2. 

As  xenon  is  added  to  the  mixture  optimized  for  KrF 
laser  oscillation,  the  total  laser  output  energy  decreases  to 
a  value  about  one  tenth  the  initial  value  typical  of  KrF 
alone.  A  minimum  is  established  for  a  xenon  pressure  of 
about  14  mbar,  above  which  the  total  energy  increases 
(Fig.  1).  The  spectrally  resolved  data  show  that  initially 
the  KrF  laser  energy  decreases  with  increasing  xenon 
pressure.  For  xenon  pressures  between  10  and  IS  mbar, 
both  the  248  nm  KrF  and  the  351  nm  XeF  lasers  exhibit 
laser  action  simultaneously.  At  a  xenon  pressure  of  -  14 
mbar,  the  energy  of  each  laser  is  10-15  mJ,  resulting  in  a 
total  combined  energy  of  about  (25  ±  10)  mJ,  correspond¬ 
ing  to  an  overall  efficiency  of  -0.2  percent  based  on  the 
energy  stored  in  the  capacitors.  For  xenon  pressure;  above 
15  mbar,  the  laser  operates  only  on  the  351  nrn  Xer  tran¬ 


sition,  achieving  an  output  energy  at  20  mbar  that  ap¬ 
proaches  the  maximum  value  that  can  be  obtained  using 
the  optimized  three-component  XeF  laser  mixture.  Since 
no  effort  was  made  to  optimize  the  fractional  concentra¬ 
tions  of  Kr,  Xe,  or  F2  in  the  /our-component  mixture  of 
Fig.  1,  it  seems  likely  that  higher  dual  laser  energy  could 
be  achieved  with  mixture  reoptimization  and/or  that  the 
output  from  a  four-component  mixture  optimized  for  XeF 
oscillation  alone  might  actually  be  higher  than  that  obtain¬ 
able  using  the  recommended  three-component  mixture. 

Dual  KrF  and  XeF  laser  oscillation  was  also  demon¬ 
strated  [5]  using  another  laser  of  the  same  type  that  pre¬ 
viously  had  been  operated  for  several  months  using  an 
XeCl  gas  fill.  The  dependence  of  the  total  laser  energy  on 
Xe  pressure  was  found  to  be  essentially  the  same  as  that 
shown  in  Fig.  1,  but  not  until  the  system  had  been  oper¬ 
ated  with  rare  gas  fluoride  mixtures  for  nearly  a  week. 
Thus,  the  relatively  lengthy  fluorine  passivation  procedure 
that  is  typical  of  conversion  from  chloride  to  fluoride  op¬ 
eration  for  lasers  of  this  general  type  is  exceptionally  im¬ 
portant  for  the  reduced  laser  energy  levels  characteristic 
of  dual  UV  wavelength  operation. 

Behavior  generally  similar  to  that  of  Fig.  1  was  also 
observed  for  the  dual  ArF  and  KrF  laser  experiments  (Fig. 
2).  Starting  with  a  mixture  optimized  for  ArF  laser  oscil¬ 
lation  alone,  upon  addition  of  Kr,  the  total  laser  energy 
decreases  from  its  initial  level  characteristic  of  ArF  (but 
below  specification  as  described  previously).  In  this  case, 
the  minimum  in  total  laser  energy  is  reached  at  a  Kr  pres¬ 
sure  of  -7  mbar.  At  this  point,  the  combined  ArF  and 
XeF  laser  energies  are  equal  and  the  total  output  of  -  25 
mJ  is  almost  exactly  the  same  as  that  of  the  KrF  and  XeF 
lasers,  even  though  the  initial  ArF  laser  energy  was  much 
lower  than  that  of  the  KrF  laser  (Fig.  1).  For  Kr  pressures 
higher  than  7  mbar,  the  KrF  laser  takes  over,  reaching  an 
energy  level  at  30  torr  for  this  nonoptimized  four-compo¬ 
nent  mixture  that,  at  -200  mJ,  is  practically  equivalent 
to  that  typical  of  the  optimized  three-component  KrF  mix¬ 
ture,  once  again  suggesting  that  an  optimized  four-com¬ 
ponent  mixture  might  yield  a  higher  KrF  laser  energy  than 
a  three-component  mixture. 

Attempts  to  demonstrate  simultaneous  ArF  and  XeF  os¬ 
cillation  were  not  successful.  Addition  of  even  small 
amounts  of  Xe  ( -  1  mbar)  to  the  optimized  ArF  mixture 
resulted  in  a  sharp  decrease  from  the  already  subspecifi¬ 
cation  intial  level  for  ArF  alone.  However,  further  in¬ 
creases  in  Xe  pressure  did  result  in  XeF  laser  oscillation. 

For  the  conditions  in  Figs.  1  and  2,  the  laser  pulsewidth 
decreased  gradually  as  the  third  rare  gas  was  added  to  pro¬ 
duce  dual  UV  laser  action.  When  xenon  was  added  to  the 
optimized  three-component  KrF  mixture,  the  KrF  pulse- 
width  decreased  from  20  ns  to  about  9  ns  at  the  total  en¬ 
ergy  minimum  occurring  for  a  Xe  pressure  of  -  14  mbar 
(Fig  1).  For  this  xenon  pressure,  the  XeF  laser  pulsewidth 
was  about  8  ns  and  increased  gradually  to  about  15  ns  with 
increasing  xenon  pressure.  Thus,  the  relative  decrease  in 
the  total  laser  peak  power  accompanying  dual  laser  oper¬ 
ation  is  only  about  half  the  relative  decrease  in  the  total 
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Fig.  3.  KrF  and  XeF  laser  power  corresponding  lo  the  conditions  of  Fig 
1.  The  solid  lines  are  the  result  of  calculations  based  on  the  medium/ 
resonator  properties  typical  of  the  laser  used  in  this  investigation  follow¬ 
ing  the  procedure  described  in  the  text.  The  possible  effects  of  increasing 
the  length  of  the  active  medium  by  50  percent  (a)  or  of  replacing  the  CaF: 
output  window  with  a  mirror  having  a  reflectivity  of  20  percent  (b)  are 
also  shown. 

laser  energy.  The  peak  powers  for  the  KrF  and  the  XeF 
dual  laser  corresponding  to  the  condition  of  Fig.  1  are 
shown  in  Fig.  3.  For  the  conditions  of  combined  laser  ac¬ 
tion.  the  pulses  from  both  lasers  overlapped  temporarily. 

In  order  to  evaluate  the  prospects  for  improved  dual 
wavelength  laser  performance,  we  have  developed  an  ap¬ 
proximate  analysis  relating  KrF  and  XeF  laser  gain  in  a 
rare  gas  fluoride  medium  containing  both  Kr  and  Xe. 
When  combined  with  Schindler’s  theory  (6]  of  optical 
power  extraction,  modified  to  account  for  laser  oscillation 
at  two  wavelengths,  this  approach  permits  us  to  relate  laser 
power  to  experimental  resonator  variables  such  as  length 
and  output  coupling,  and  to  KrF/XeF  medium  properties 
such  as  saturation  intensity,  small-signal  gain,  and  ab¬ 
sorption  loss.  The  total  pumping  density  was  distributed 
between  production  of  KrF  and  XeF  by  defining  the  frac¬ 
tional  pumping  power  density  contributing  to  XeF  for¬ 
mation  as  Within  the  framework  of  our  analysis,  it  is 
easily  shown  that  the  KrF  small-signal  gain  coefficients 
are  then  related  in  the  following  way: 

ftXcF  #XeFiAr 
8kiF  ~  #KrFo(l  -  $*) 

where  gXeFo  and  gKrf:0  are  the  gain  coefficient  for  either  an 
XeF  or  KrF  laser  alone.  Assuming  that  the  primary  trans¬ 
fer  reactions  from  the  KrF  chain  to  the  XeF  chain  are  lin¬ 
ear  in  Xe  pressure,  the  variable  bx  is  then  simply  propor¬ 
tional  to  Xe  pressure. 

For  the  present  purposes,  medium  properties  typical  of 
discharge-excited  KrF  and  XeF  lasers  similar  to  ours  were 
used  in  the  anlysis  [7],  [8].  Fig.  3  presents  measured  and 
computed  values  of  dual  KrF  and  XeF  laser  power  corre¬ 
sponding  to  the  conditions  of  Fig.  1.  Using  the  resonator 
parameters  of  our  laser  and  guided  by  the  experimental 
data  reported  by  Gower  and  co-workers  [7],  [8],  values  of 
KrF  medium  properties  were  selected  so  as  to  ensure 
agreement  between  measured  and  computed  KrF  laser 


power  with  no  Xe  in  the  mixture,  i.e.,  the  left  boundary 
of  Fig.  3.  Using  those  specific  values  of  KrF  gain,  absorp¬ 
tion,  and  saturation  intensity,  a  complementary  set  of  XeF 
medium  properties  was  chosen  [9].  The  constant  of  pro¬ 
portionality  relating  the  fractional  XeF  power  density  6X 
to  Xe  pressure  was  then  selected  so  as  to  ensure  agree¬ 
ment  between  measured  and  computed  dual  laser  power 
for  the  Xe  pressure  at  which  the  KrF  and  XeF  laser  power 
are  equal,  i.e.,  a  Xe  pressure  of  14  mbar.  With  this  infor¬ 
mation,  the  laser  power  for  KrF  and  XeF  could  be  deter¬ 
mined  for  all  Xe  pressures  over  the  range  of  interest.  The 
solid  lines  in  Fig.  3  clearly  show  that  the  self-consistent 
set  of  KrF  and  XeF  variables  so  determined  is  capable  of 
reproducing  the  qualitative  and  quantitative  variation  of 
dual  laser  power  that  we  have  observed. 

Using  the  set  of  variables  resulting  in  the  solid  lines 
shown  in  Fig.  3,  the  calculation  was  then  repe  ted  for  a 
discharge  length  50  percent  larger  than  that  of  the  laser 
used  in  this  investigation  [Fig.  3(a)).  At  the  end  points  (Xe 
pressure  0  or  -25  mbar),  the  respective  KrF  and  XeF 
laser  powers  increase  by  approximimately  50  percent,  as 
should  be  the  case  since  the  laser  medium  is  nearly  satu¬ 
rated  with  either  KrF  or  XeF  operating  alone.  However, 
for  Xe  pressures  typical  of  the  minimum  dual  laser  power 
for  which  the  medium  is  far  from  saturation,  a  50  percent 
increase  in  discharge  length  results  in  a  factor  of  three 
increase  in  laser  power.  Fig.  3(b)  illustrates  the  effect  of 
replacing  the  CaF2  output  window  {R  <  10  percent)  with 
a  mirror  having  a  20  percent  reflectivity  at  both  laser 
wavelengths.  In  this  case,  the  minimum  dual  laser  output 
is  increased  by  more  than  a  factor  of  two.  These  illustra¬ 
tive  results  suggest  that  dual  laser  powers  substantially  in 
excess  of  those  demonstrated  in  this  investigation  should 
be  attainable. 

Summary 

We  have  demonstrated  tl  *  an  unmodified  commercial 
excimer  laser  is  capable  of  simultaneously  producing  rel¬ 
atively  high-energy  laser  oscillation  on  two  different  UV 
rare  gas  halide  transitions  by  way  of  an  appropriate  choice 
of  mixture  composition.  Furthermore,  analysis  indicates 
that  with  relatively  minor  changes  in  discharge  and/or  res¬ 
onator  properties,  dual  wavelength  laser  energy/efficiency 
levels  comparable  to  those  typical  of  a  single  wavelength 
rare  gas  halide  laser  should  be  possible. 
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Simultaneous  UV/Visible  Laser  Oscillation  on  the  B  -*  X  and  C  -*  A 

XeF  Excimer  Transitions 

ROLAND  SAUERBREY,  YUNPING  ZHV,  FRANK  K.  TITTEL,  WILLIAM  L.  WILSON,  JR.,  N.  NISHIDA, 

F.  EMMERT,  and  WILLIAM  L.  NIGHAN 


,4 /Mfrucl -Simultaneous  laser  oscillation  from  the  351  nm  XeF(B  — 
X)  transition  and  the  broad-band  XeF(C  ->  A)  transition  centered  near 
475  nm  has  been  demonstrated  using  intense,  short-pulse  electTon-beam 
excitation  of  high-pressure  gas  mixtures.  Analysis  of  the  causes  of  tran¬ 
sient  absorption  suggests  that  it  may  be  possible  to  obtain  efficient 
UV/visible  laser  oscillation  from  each  of  the  XeF  excimer  transitions 
excited  in  the  same  medium. 


Introduction 

XENON  fluoride  is  the  only  diatomic  rare  gas-halide  mole¬ 
cule  exhibiting  two  lasing  transitions.  Laser  oscillation 
occurs  on  the  B(^)-X(^)  transition  in  the  near  ultraviolet  at 
351  nm,  and  on  the  broad  band  tunable  C(-§  )-A  )  transition 

in  the  visible  centered  near  475  nm.  Electrically  excited  iasers 
operating  on  the  B  -*  X  transition  have  been  under  investiga¬ 
tion  for  several  years,  and  are  capable  of  very  efficient  (~2-5 
percent)  generation  of  high-power  UV  radiation  f  1  ] .  Recently, 
efficient  (>1  percent)  operation  of  the  XeF(C  -*■  A )  laser  with 
an  energy  output  in  excess  of  3  J/l  was  also  demonstrated  (2) , 
[3],  For  a  variety  of  applications  such  as  frequency  mixing 
or  multistep  photoexitation,  it  might  be  of  interest  to  have 
an  efficient  laser  source  that  is  capable  of  emitting  intense  UV 
and  tunable  visible  radiation  simultaneously.  In  this  letter, 
the  feasibility  of  simultaneous  operation  of  the  XeF (B  X) 
and  (C-»i4)  laser  transitions  in  the  same  apparatus  is  reported 
for  the  first  time. 

Experimental  Apparatus  and  Procedure 

A  gas  mixture  comprised  of  8  torr  F2,  8  torr  NF3,  16  torr 
Xe,  and  6.5  atm  Ar  was  excited  by  an  intense  electron  beam 
(1  MeV,  250  A  •  cm'2,  10  ns  FWHM),  conditions  previously 
found  to  be  compatible  with  efficient  XeF  ( C-*A )  laser  op¬ 
eration  [2] .  In  order  to  investigate  the  possibility  of  simul¬ 
taneous  laser  oscillation  on  both  XeF  excimer  transitions,  a 
dual-wavelength  resonator  was  constructed  using  broad-band 
mirrors  that  were  available  in  our  laboratory.  The  basic  de- 
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Fig.  1.  Dual  wavelength  resonator  configuration  for  the  simultaneous 
operation  of  the  XeF (B  —  X)  and  XeF (C -*  A)  lasers. 

sign  of  this  resonator  is  shown  in  Fig.  1 .  A  curved  mirror  with 
more  than  99  perc  nt  reflectivity  between  350  and  490  nm 
was  used  as  the  fui  reflector.  Two  flat  output  couplers  were 
mounted  as  shown.  The  broad-band  C~*A  output  coupler 
had  a  reflectivity  of  98  percent  at  a  wavelength  of  510  ±  30 
nm  and  a  transmissivity  of  90  percent  for  351  nm  radiation, 
while  the  B  -+  X  output  mirror  had  a  reflectivity  of  83  percent 
for  the  UV  radiation  and  60  percent  transmissivity  in  the  visible 
region.  Between  these  two  mirrors,  a  viton  O-ring  was  inserted 
and,  by  means  of  a  set  of  three  adjustment  screws,  the  C-*  A 
mirror  was  aligned  so  as  to  be  parallel  to  the  B  -*  X  mirror. 
Alignment  was  performed  before  the  mirrors  were  installed  in 
the  reaction  cell.  Both  mirror  holders  could  then  be  aligned 
externally  as  described  in  [2] .  The  dual-wavelength  resonator 
so  constructed  had  relatively  small  intracavity  losses  for  the 
C-*  A  transition,  while  those  for  the  B  -*■  X  transition  were 
quite  high.  However,  the  gain  of  the  narrow-band  UV  bound- 
bound  transition  is  considerably  larger  than  that  of  the  C-*  A 
transition,  since  the  B  -*■  X  stimulated  emission  cross  section 
is  about  30  times  larger  than  that  of  the  C  -*  A  transition. 

Results  and  Analysis 

Although  the  gas  mixture  was  far  from  optimum  for  B  -*•  X 
laser  oscillation  [Ij,  and  the  C~*A  resonator  was  not  opti¬ 
mized,  laser  oscillation  on  both  transitions  was  routinely  ob¬ 
served.  Presented  in  Figs.  2  and  3  are  the  temporal  and  spec¬ 
tral  characteristics  of  the  UV  and  blue/green  XeF  B  -*■  X  and 
C-+A  laser  pulses  obtained  using  the  dual,  coincident  UV/ 
visible  cavity  configuration  illustrated  in  Fig.  1.  As  described 
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Fig.  2.  Temporal  evolution  of  the  e-beam  pulse  and  the  XeF {B-*X) 
and  XeF  (C -*  A)  laser  pulses  for  a  mixture  comprised  of  6.5  atm  Ar, 
16  tort  Xe,  8  torr  F2,  and  8  ton  NF3. 


Fig  3.  Time  integrated  spectrum  of  the  XeF  B  —  X  laser  at  351  nm 
and  C  -»  A  laser  centered  near  475  nm. 

previously  [2] ,  the  e-beam  pulse  results  in  the  production  of 
broad-band  absorbing  species,  and  therefore,  the  laser  pulses 
appear  in  the  afterglow  regime  (Fig.  2).  The  net  effect  of  tran¬ 
sient  absorption  is  most  severe  for  the  C-*  A  transition  due  to 
the  fact  that  its  cross  section  for  stimulated  emission  is  rela¬ 
tively  small  (~1(T17  cmJ)  [4],  Thus,  the  onset  of  the  C-*A 
laser  pulse  is  delayed  for  a  longer  time  than  that  of  the  B  -*•  X 
pulse. 

The  laser  spectrum  (Fig.  3)  shows  both  the  narrow  B  -*■  X 
emission  at  351  nm  and  the  broad-band  C-+  A  emission  cen¬ 
tered  near  475  nm.  The  laser  wavelength  and  spectral  width 
for  the  C  -»  A  transition  are  mainly  determined  by  the  specific 
properties  of  the  end  reflector  and  output  coupler.  For  the 
present  nonoptimized  dual-wavelength  resonator,  the  laser 
pulse  energy  levels  were  relatively  low;  ~0.01  J/l  was  obtained 
from  the  C-+A  transition  and  ~0.05  J/l  for  the  B  -*■  X  transi¬ 
tion.  However,  for  these  specific  conditions,  C  -*■  A  laser  pulse 
energy  in  excess  of  1.0  J/l  has  been  routinely  obtained  using 
an  optimized  resonator  [3  ] . 

Presented  in  Fig.  4  is  the  temporal  evolution  of  the  various 
contributions  to  the  gain  and  absorption  at  351  and  475  nm, 
computed  for  the  conditions  of  Figs.  2  and  3  following  the 
procedures  described  in  detail  in  [2] .  The  net  gain  shown  for 
the  blue-green  C  -*  4  transition  is  in  very  good  agreement  with 
experimental  observations  (2),  [3].  We  have  not  measured 
the  gain/absorption  in  the  UV  region.  However,  the  results 
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Fig.  4.  Contributions  to  the  XeF(fl-*3f)  and  XeF (C  —  /! )  gain  and 
absorption  at  351  and  475  nm,  respectively,  computed  for  the  con¬ 
ditions  of  Figs.  2  and  3  following  the  procedures  described  in  [  2] . 

of  Fig.  4  show  that  the  computed  net  gain  for  the  UV  B  -*■  X 
transition  (~4  percent  cm-1  maximum  at  ~  15-20  ns)  is  the 
difference  between  two  much  larger  gain-absorption  values. 
For  these  specific  mixture  conditions,  which  have  been  opti¬ 
mized  for  blue-green  C  -*•  A  laser  oscillation,  the  calculations 
show  that  absorption  in  the  UV  is  dominated  (>75  percent) 
by  Ar2F  photodissociation  [5].  Krypton  has  been  found  to 
be  an  effective  quenching  species  for  Ar2F  [6].  Moreover, 
subsequent  to  the  completion  of  this  work,  it  was  found  that 
the  addition  of  Kr  at  partial  pressures  in  the  0.5-1. 0  atm  range 
results  in  an  increased  rate  of  XeF  ( B ,  C)  formation  and  in  a 
decrease  in  absorption  in  the  visible  region,  the  combined 
effect  of  which  is  a  significant  increase  in  net  gain  for  the 
C-+  A  transition  [3],  For  these  reasons,  mixtures  containing 
Kr  might  exhibit  higher  levels  of  net  gain  for  both  the  B  -*■  X 
and  C-*  A  transitions  than  those  indicated  in  Fig.  4.  This  sug¬ 
gests  that  significantly  higher  B  -*■  X/C  -*■  A  dual  laser  output 
may  be  possible. 

Summary 

We  have  demonstrated  that  an  e-beam  excited  medium  that 
has  been  optimized  for  efficient  blue/green  XeF(C-*A)  laser 
oscillation  also  exhibits  strong  net  gain  for  the  UV  B  -*  X  tran¬ 
sition,  and  that  simultaneous  laser  oscillation  on  both  transi¬ 
tions  is  possible.  Further,  our  results  show  that  the  presence 
of  a  strong  B-*X  flux  has  relatively  little  effect  on  C-+A 
gain.  These  findings  suggest  that  with  an  optimum  resonator 
design  and/or  with  additional  mixture  refinement,  efficient 
(>1  percent)  UV/visible  laser  oscillation  from  each  of  the 
XeF  excimer  transitions  excited  in  the  same  medium  may 
be  possible. 
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Director,  Technology  (Code  200) 
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Air  Force  Office  of  Scientific  Research  1  copy 

Department  of  the  Air  Force 
Bolling  AFB,  DC  22209 

Air  Force  Weapons  Laboratory  1  copy 

Technical  Library 
Kirtland  Air  Force  Base 
Albuquerque,  New  Mexico  87117 

Air  Force  Avionics  Laboratory  1  copy 

Air  Force  Systems  Command 

Technical  Library 

Wright-Patterson  Air  Force  Base 

Dayton,  Ohio  45433 

Lawrence  Livermore  Laboratory  1  copy 

Attn:  Dr.  W.  F.  Krupke 
University  of  California 
P.0.  Box  808 

Livermore,  California  94550 


Harry  Diamond  Laboratories  1  copy 

Technical  Library 
2800  Powder  Mill  Road 
Adelphi,  Maryland  20783 

Naval  Air  Development  Center  1  copy 

Attn:  Technical  Library 

Johnsville 

Warminster,  Pennsylvania  18974 

Naval  Weapons  Center  1  copy 

Technical  Library  (Code  753) 

China  Lake,  California  93555 

Naval  Underwater  Systems  Center  1  copy 

Technical  Center 

New  London,  Connecticut  06320 

Coimiandant  of  the  Marine  Corps  1  copy 

Scientific  Advisor  (Code  RD-1) 

Washington,  DC  20380 

Naval  Ordnance  Station  1  copy 

Technical  Library 

Indian  Head,  Maryland  20640 

Naval  Postgraduate  School  1  copy 

Technical  Library  (Code  0212) 

Monterey,  California  93940 

Naval  Missile  Center  1  copy 

Technical  Library  (Code  5632.2) 

Point  Mucu,  California  93010 
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Naval  Ordnance  Station 
Technical  Library 
Louisville,  Kentucky  40214 


1  copy 


Comnanding  Officer 

Naval  Ocean  Research  &  Development  Activity 

Technical  Library 

NSTL  Station,  Mississippi  39529 

1 

copy 

Naval  Explosive  Ordnance  Disposal  Facility 

Technical  Library 

Indian  Head,  Maryland  20640 
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Naval  Ocean  Systems  Center 

Technical  Library 

San  Diego,  California  92152 
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Naval  Surface  Weapons  Center 

Technical  Library 

Silver  Spring,  Maryland  20910 
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Naval  Ship  Research  and  Development  Center 

Central  Library  (Code  L42  and  L.43) 

Bethesda,  Maryland  20084 
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Naval  Avionics  Facility 

Technical  Library 

Indianapolis,  Indiana  46218 
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